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1 Introduction
Eukaryotic cells contain three different types of cytoskeleton: actin, microtubules
and intermediate filaments. Microtubules are formed by α- and β-tubulin dimers
and are very dynamic. Two important processes mediated by these filaments are
cell division and intracellular trafficking [1]. Motor proteins such as kinesins or
dyneins are involved in the transport of cellular structures along microtubules
[2]. Intermediate filaments are less well defined than actin filaments or micro-
tubules, since they consist of a variety of proteins and are accordingly classified
into different types. The filaments are linked to each other as well as different
cellular components and are hypothesized to influence cell mechanics [3]. The
actin cytoskeleton will be explained in more detail in the following paragraphs.
1.1 The actin cytoskeleton
Actin exists as globular G-actin monomers and filamentous F-actin. Thermody-
namically, the barbed-end of F-actin filaments, also called plus-end, has a higher
probability for polymerization, while the pointed-end, also called minus-end,
preferentially depolymerizes. Both filament ends have the capability to grow
and depolymerize, which renders the actin cytoskeleton highly dynamic. Hy-
drolysis of actin-bound adenosine triphosphate (ATP) to adenosine diphosphate
(ADP) plays an important role in this process. ATP-bound G-actin monomers
are added at the growing barbed end while nucleotide hydrolysis is associated
with the treadmilling of the filament leading to ADP-actin dissociation from
the pointed end [4]. Involvement of the actin cytoskeleton in essential cellular
processes such as cell division or cell migration has been studied extensively [5].
1.1.1 Actin nucleation
Actin nucleation is the initial step which induces formation and polymerization
of F-actin filaments and is tightly regulated. Spontaneous nucleation of actin,
which is initiated by formation of a G-actin trimer, is a rare event. Further-
more, sequestering proteins, such as profilin, bind G-actin and inhibit nucle-
ation [6] [7]. However, many actin nucleation factors are known, which can be
divided into three groups: the Arp2/3 complex, formins and a rather diverse
class including proteins such as Spire. The following paragraphs only describe
mammalian actin nucleation factors, while it has to be considered that specific
bacterial effector proteins, such as VopL from Vibrio parahaemolyticus, can also
induce actin nucleation [8].
The Arp2/3 complex is the only actin nucleation factor not inducing linear actin
polymerization but instead generating branches developing from the side of an
already existing filament. This occurs by direct binding of Arp2/3 to the fila-
ment [9]. Arp stands for actin-related-protein and the complex consists of seven
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protein subunits. The subunits Arp2 and Arp3 are structurally similar to actin
monomers and thereby form a new nucleation complex by binding to the F-
actin filament [10]. Nevertheless, the Arp2/3 complex can not induce nucleation
without the help of a nucleation promoting factor (NPF). NPFs contain a VCA
domain which enables binding to the Arp2/3 complex and actin monomers at
the same time, inducing actin polymerization at the new developing branch [11].
So far identified NPFs are WASH, WHAMM, WAVE and WASP proteins [7].
Formins induce linear actin polymerization by binding to the fast growing barbed
end of actin filaments. They consist of several domains with specific functions.
The DID and DAD domain bind each other and thereby induce autoinhibition
of the protein. This inhibition is released by binding of a specific Ras homol-
ogy gene family (Rho) GTPase. Then, the formin FH1 domain binds profilin-
bound actin, providing the actin filament bound by the FH2 domain with new
monomers for polymerization [12]. There are four formin families in mammalian
cells: Dia, Daam, FMNL and FHOD. The different family members have been
shown to interact with various Rho GTPases and thereby induce different actin
structures [13]. mDia1 induces stress fibers [14], while mDia2 leads to filopodia
formation [15]. Daam proteins induce filopodia [16], while FMNL formins have
been implicated in the formation of lamellipodia as well as filopodia [17] [18].
FHOD proteins are implicated in stress fiber formation [19], but are thought to
rather stabilize existing stress fibers instead of forming new filaments [20].
The third protein family, including Spire, Cordon-bleu and JMY, clusters G-
actin monomers. With their WH2 domain, these proteins bind multiple actin
monomers to form a nucleus, thereby initiating actin polymerization [21].
1.1.2 F-actin structures
F-actin forms different structures, which perform specific functions and are
shown schematically in Figure 1.1. The most prominent and best-studied cel-
lular structures are lamellipodia, filopodia and stress fibers.
Lamellipodia are flat cellular protrusions, containing branched actin networks.
Actin nucleation in lamellipodia is mediated by the Arp2/3 complex. The
Arp2/3 complex has been implicated in cell migration, yet controversial studies
exist considering its role during directed migration and chemotaxis [22] [23]. In
addition to Arp2/3, actin polymerization in the lamellipodium is controlled by
capping protein, which can bind to barbed ends, thereby stopping actin poly-
merization in a regulatory fashion [24].
Filopodia are finger-like protrusions containing linear F-actin filaments, which
extend from the cell body. This linear organization implies barbed ends all
pointing towards the plasma membrane. Myosin-X transports many proteins,
including transmembrane receptors, along the parallel filaments towards the
filopodial tip [25]. Transport of adhesion factors along filopodia aids in cell
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migration and adhesion. This was for instance shown for epithelial cells, where
filopodia induce contact with neighboring cells to generate confluent epithelial
layers [26]. Stress fibers will be described in more detail in the next chapter.
Figure 1.1: F-actin structures in the cell. F-actin, in red, forms various structures in the cell,
including lamellipodia, filopodia and stress fibers, the latter of which are decorated with myosin
shown in green [27].
1.1.3 Stress ﬁbers
Stress fibers are composed of actin bundles decorated with α-actinin and non-
muscle myosin II and mediate contraction [28] [29] [30]. The overall structure
is shown in Figure 1.1, while the localization pattern of α-actinin and myosin
II in stress fibers is displayed in Figure 1.2. The main function of stress fibers
is to induce contraction, which is mediated via phosphorylation of myosin light
chain [31].
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Figure 1.2: Localization of α-actinin and myosin light chain in stress fibers. Image shows
how α-actinin in in red and myosin light chain in green are distributed along stress fibers
(http://labs.mbi.nus.edu.sg/abcd/research.html) (29.08.2018).
Stress fibers can be divided into three categories: dorsal stress fibers, ventral
stress fibers and transverse arcs, which are illustrated in Figure 1.3. The three
categories differ by their connection to focal adhesions, their localization in the
cell and their assembly mechanisms [32] [33]. Focal adhesions describe areas in
which the actin cytoskeleton of the cell is connected to the extracellular matrix
(ECM) via many receptors, including integrins. One of the major components
of focal adhesions on the cellular side is vinculin, which links F-actin to the
cellular membrane. It can bind directly to α-actinin [34]. Dorsal stress fibers
are connected to focal adhesions at one end. They grow from focal adhesions
at the leading edge of the cell towards the cell center, where they interact with
transverse arcs. Actin polymerization of dorsal stress fibers is mediated by the
formin mDia1 [33]. Dorsal stress fibers, in contrast to transverse arcs, were
shown to contain almost no myosin II [35]. Transverse arcs are not directly
connected with focal adhesions. Their development starts as small actin bundles
at the leading cell edge which condensate and contract while they move towards
the cell center [35]. In this case, stress fiber formation is suggested to depend
on the Arp2/3 complex, which is usually known to generate branched actin
filaments [33]. Ventral stress fibers associate with focal adhesions at both ends.
In contrast to dorsal stress fibers and transverse arcs, which develop by de novo
actin polymerization, ventral stress fibers are generated by re-organization of
already existing structures. It was observed that a transverse arc, associated with
two dorsal stress fibers on opposite sites, contracts and depolymerizes to finally
yield a ventral stress fiber bound to the focal adhesion sites which beforehand
belonged to the dorsal stress fibers. It is important to mention that all these
stress fiber categories form a network and are highly dynamic [33].
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Figure 1.3: Stress fiber categories. Actomyosin stress fibers can be divided into three categories,
illustrated in this image: dorsal stress fibers, ventral stress fibers and transverse arcs. Vinculin is
a part of focal adhesions [33].
1.2 Rho GTPases
As mentioned above, the actin cytoskeleton is regulated by Rho GTPases. There
are 20 different Rho GTPases in mammalian cells, which are shown in Figure
1.4. Many GTPases can be grouped according to their sequence similarities.
Examples are RhoA, RhoB and RhoC, clustering tightly together, or also Rac1,
Rac2 and Rac3. The best-characterized GTPases are RhoA, Rac1 and Cdc42, each
regulating very specific actin structures in the cell.
Cdc42 for instance is involved in the formation of filopodia [36]. Lamellipodia
on the other hand, and also membrane ruffles, are generated via Rac signaling
[37] [38]. Membrane ruffling can also be induced by bacteria, such as Salmonella
enterica serovar Typhimurium, to initiate uptake into non-phagocytic cells [39].
Finally, formation of stress fibers is mediated downstream of the Rho GTPases
RhoA, RhoB and RhoC, which will be described in more detail in chapter 1.2.2
[40].
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Figure 1.4: Overview of Rho GTPases. The phylogenetic tree shows sequence relations between
all 20 mammalian Rho GTPases [41].
1.2.1 Rho GTPase regulation
Figure 1.5 shows how Rho GTPases themselves are regulated. Three differ-
ent types of proteins are involved in this process. Rho guanine nucleotide ex-
change factors (GEFs) activate Rho GTPases by exchanging guanosine diphos-
phate (GDP) to guanosine triphosphate (GTP), whereas GTPase activating pro-
teins (GAPs) are acting in the opposite direction. Rho GDP dissociation in-
hibitors (GDIs) protect the GTPases from degradation by binding them in the
cytoplasm, which thereby also prevents activation via GEF proteins. Active GT-
Pases are located on membranes [42].
Figure 1.5: Activation cycle of Rho GTPases. Rho GTPases occur in an active, GTP bound, or
inactive, GDP bound, state. Activation is initiated by GEFs and inactivation by GAPs. GDIs
protect the inactive GTPases from degradation in the cytoplasm [42].
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GEFs are classified in two different families, depending on the mechanism by
which they induce nucleotide exchange. Dbl GEFs contain a DH/PH domain
and, in contrast to DOCK GEFs, do not directly insert residues into the active
site of the GTPase [43]. The proposed mechanism for nucleotide exchange via
Dbl GEFs was analyzed in various studies [44] [45]. GEF binding induces trans-
fer of the Mg2+ ion from the β- to the α-phosphate of GDP and subsequent
release of both components. Displacement of Mg2+ from the β-phosphate desta-
bilizes the connection between the GTPase and GDP. For GTPase activation via
DOCK GEFs, an insert leads to conformational changes opening switch I in the
GTPase and releasing GDP. Mg2+ bound GTP displaces the insert and yields an
activated Rho GTPase [46]. It was shown that GEFs can simultaneously bind the
GTPase and their respective effector protein to amplify the signal [47].
GAPs increase the hydrolytic activity of GTP when it is bound to the GTPase.
Since the endogenous hydrolytic rate is rather slow, GAPs are able to inhibit or
terminate signaling pathways very efficiently. There are three to four times more
GAP proteins than Rho GTPases [48].
GDIs maintain a stable amount of inactive Rho GTPases in the cell. In addition
to protecting the GTPases from degradation, Rho GDIs serve the function of
mediating GTPase transport from the endoplasmic reticulum (ER) to the plasma
membrane [49]. The ER is the final localization of Rho GTPase post-translational
modifications. Modifications of Rho GTPases occur in three steps. First, the
cysteine of the C-terminal CAAX tetrapeptide motif (C = cysteine, A = aliphatic
amino acid and X = any amino acid) is either farnesylated or geranylgeranylated
by farnesyltransferase or geranylgeranyltransferase type I, respectively [50]. This
process, called prenylation, is necessary for the GTPases to associate with mem-
branes and influences their localization. Degradation of Rho GTPases does not
occur if the proteins are not prenylated yet [49]. Subsequently, the AAX motif
is cleaved off by the Ras-converting enzyme 1 (Rce1) endoprotease. Finally, the
cysteine is methylated by isoprenylcysteine-O-carboxyl methyltransferase (Icmt)
[50]. An overview of the different Rho GTPase states and the role of GDIs is
shown in Figure 1.6. There are three Rho GDIs in mammalian cells, namely
GDIα, GDIβ and GDIγ. GDIα is the best characterized and most abundant pro-
tein of the three [51]. The in vitro affinity of GDIβ to Rho GTPases is lower
than that of GDIα [52]. Also, expression of GDIβ was found predominantly but
not exclusively in hematopoietic cells [53]. GDIγ localizes at the Golgi or other
intracellular membranes and is expressed at low levels [54].
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Figure 1.6: Role of Rho GDIs for GTPase stability. Newly synthesized Rho GTPases are mod-
ified by various proteins at the ER. Afterwards, Rho GDIs stabilize the prenylated form of Rho
GTPases to protect them from degradation and shuttle them from the ER to the plasma mem-
brane, where they reside in their active form. GDIs are capable of binding to various Rho
GTPases, inducing binding competition. Furthermore, chaperones such as Hsp70 can stabilize
Rho GTPases in the cytoplasm [49].
1.2.2 RhoA, RhoB and RhoC
The rhoA gene is longer and has more exons than those encoding for RhoB and
RhoC. The rhoB gene in particular is rather short and has no introns (see also
Figure 3.3). All three genes are located on different chromosomes, namely chro-
mosomes 2, 5 and 3, respectively, in humans [55]. The amino acid sequence of
the three proteins shows 85% identity with the variable regions being located at
the C-terminus. The N-terminus contains the regions that are important for the
binding of and switching between GDP and GTP [56].
The predominant localization of RhoB on endosomal membranes, in contrast to
RhoA and RhoC which localize only at the plasma membrane, is mediated by the
post-translational modification of two cysteins, upstream of the CAAX motif, by
the fatty acid palmitate. This targets RhoB specifically to its desired location and
is also found in a similar fashion in other GTPases that act on endosomal mem-
branes. The localization of RhoB, to either the plasma membrane or endosomal
membranes, is not depending on the first step of post-translational modifica-
tions, since RhoB can be farnesylated as well as geranylgeranylated. Inhibiting
either farnesyltransferase or geranylgeranyltransferase does not induce specific
localization of RhoB to either only endosomal membranes or only plasma mem-
branes. RhoA and RhoC, as most GTPases, are exclusively geranylgeranylated.
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It was also found that the cellular localization of RhoB depends on Rce1 modifi-
cations, whereas Icmt modifications are influencing RhoA localization [50].
RhoB expression can be induced upon DNA damage, for instance by UV radia-
tion [57]. Its half-life is rather short and RhoB mRNA levels change during the
cell cycle, suggesting a strict regulation [58]. RhoB becomes activated on endo-
somes by its GEF Vav2, which acts downstream of EGF receptor stimulation [59].
Activated RhoB recruits the formin mDia1 and the serine/threonine protein ki-
nase PRK1 [60]. Actin polymerization by mDia1 leads to an actin coat around
the endosome. The actin coat is linked to the cortical actin network and thereby
prevents endosome transport on microtubules towards the perinuclear area. The
role of PRK1 in this process in unknown. Rho associated protein kinase (ROCK),
one of the best-studied downstream effectors of Rho proteins (see chapter 1.3.1),
is not involved in RhoB mediated actin coats on endosomes [61]. A schematic
model of the process is shown in Figure 1.7.
Figure 1.7: RhoB activity on endosomes. RhoB gets activated by Vav2 on endosomes and sub-
sequently activates the formin Dia1. Dia1 induces actin polymerization and formation of an
actin coat around the endosome, which prevents further transport along microtubules. If RhoB
is inactive, motor proteins such as dynein can transport endosomes on microtubules [61].
Binding of the three Rho proteins to downstream effectors has only been ana-
lyzed to some extent in direct comparison. It seems that all three can bind to
the same effectors, yet some differences occur in affinity and respective cellu-
lar localizations. Many studies on Rho proteins were performed using C3 toxin
from Clostridium botulinum, which does not distinguish between the three pro-
teins since it inactivates all of them [56].
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Important cellular processes, regulated by RhoA, RhoB and RhoC, are cell mi-
gration, cell adhesion and cytokinesis. By activation of ROCK and thereby phos-
phorylation of myosin (see chapter 1.3.1), contraction of stress fibers is induced,
which is needed during migration at the cell rear for detachment of the cell body
[56]. Rho is needed for the contraction and abscission process during cytokinesis
together with Anillin and Citron kinase, which is described below (see chapter
1.3.3).
In addition to directly regulating the actin cytoskeleton on protein level, RhoA
was shown to regulate gene transcription via serum response factor (SRF). The
transcription factor MAL binds to G-actin in the cytoplasm. Actin polymeriza-
tion induced by Rho reduces G-actin levels, which leads to a translocation of
MAL to the nucleus, where it acts as a cofactor of SRF and regulates gene ex-
pression of actin and vinculin for instance [62]. Also for RhoC a SRF dependent
regulation of HOTAIR, a non-coding RNA strongly expressed in cancer tissues,
was identified [63].
All three Rho proteins have been involved in cancer, yet in different ways. RhoA
seems to be able to induce transformation of cells and was found to be upregu-
lated in many cancer cells [56]. RhoC is not involved in transformation but was
shown to specifically induce metastasis and cancer cell migration and invasion
and is therefore also often upregulated in the respective cell types [64]. RhoB
expression on the other hand is often decreased during late stages of cancer de-
velopment, whereas it can also promote initial transformation [56].
In addition to regulation of GTPase activity by GEFs, GAPs and GDIs, phospho-
rylation of RhoA at Serine188 has been proposed to suppress Rho activity, but at
the same time increases its stability. Binding of GDIs to phosphorylated active
RhoA was shown to be enhanced in comparison to its unphosphorylated form
[65]. Along the same line, RhoA phosphorylation led to a localization change
of the GTPase, from the membrane to the cytoplasm, mediated by membrane
extraction via GDIs [66]. Phosphorylation of RhoB on Serine185 was shown to
occur via casein kinase 1 (CK1), inhibition of which induced RhoB activation
and stress fiber formation. CK1 only phosphorylated RhoB, not RhoA or RhoC
[67]. PKC on the other hand was hypothesized to serine-phosphorylate and
thereby inactivate RhoA and RhoC [68].
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1.3 Downstream eﬀectors of RhoA, RhoB and
RhoC
1.3.1 ROCK and myosin II
ROCK1 and ROCK2 were identified as serine threonine kinases binding specif-
ically to active RhoA [69] [70]. The Rho binding domain of ROCK mediates
autoinhibition of the kinase, which is released by binding to Rho [71] [72]. Im-
portant signaling pathways downstream of ROCK include myosin II activation
or inactivation of the actin depolymerizing factor Cofilin [73].
Non-muscle myosin II binds to F-actin and is responsible for contraction of stress
fibers. The structure of the protein is shown in Figure 1.8.A. The globular head
domain of myosin II binds F-actin and ATP. Hydrolysis of ATP induces move-
ment of myosin II towards the barbed end of the filament, thereby moving the
filament in the opposite direction (see Figure 1.8.B). There are three genes encod-
ing for different heavy chains (see the tail in Figure 1.8.A), namely IIa, IIb and
IIc [74]. Myosin IIa has the highest ATP hydrolysis rate of the three, whereas
myosin IIb has a very high affinity to ADP and shows a very slow ADP release
[75] [76]. Also, myosin IIa is found predominantly in dynamic areas such as
protrusions or retraction areas at the back of the cell during migration, whereas
myosin IIb incorporates in already existing actin bundles in the cell center or
the cell rear [77]. Not much is known about myosin IIc so far, a much lower
percentage of which is bound to actin in comparison to myosin IIa and IIb [78].
Figure 1.8: Myosin II and actin stress fibers. (A) Structure of myosin II. (B) F-actin in red.
Myosin II moves towards the barbed end (+), thus initiating movement of the actin filament in
the opposite direction [79].
Phosphorylation of the myosin II regulatory light chain increases its ATPase
activity and thereby induces contraction in the presence of actin, even though
the affinity for actin remains unchanged [80]. One of the most studied kinases
phosphorylating and thereby activating myosin light chain (MLC) is ROCK [81]
[82]. In addition to direct myosin II activation, ROCK inactivates myosin phos-
phatase, which would itself otherwise inhibit myosin light chain activation by
dephosphorylation [83]. Myosin II phosphorylation does not only occur down-
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stream of Rho and ROCK, but can also be mediated by myotonic dystrophy
kinase related Cdc42 binding kinase (MRCK) downstream of Cdc42 [84], Citron-
kinase and myosin light chain kinase [85]. Rac, being antagonistic to RhoA, is
hypothesized to inhibit myosin II activation [74].
Incorporation of myosin II into dorsal stress fibers occurs at late elongation time-
points. In the beginning, while dorsal stress fibers start growing towards the cell
center, they are mainly decorated by α-actinin. At a certain length and after con-
nection to transverse arcs, myosin II starts displacing α-actinin and incorporates
into the stress fibers. The binding of myosin II and α-actinin to actin stress fibers
is mutually exclusive. Transverse arcs on the other hand, contain higher amounts
of myosin II and are more sensitive to myosin inhibition by blebbistatin [33] [35].
1.3.2 Coﬁlin
The Cofilin protein family consists of Cofilin 1, Cofilin 2 and actin depolymer-
izing factor (ADF). Cofilin 1 is the most abundant protein of the family [86].
Cofilin has at least two mechanistic functions to control F-actin levels, namely
inhibiting binding of myosin II to F-actin and thereby controlling contraction
mechanisms in the cell [87], and in addition severing of actin filaments. This oc-
curs at boundaries between Cofilin-bound and undecorated filament areas [88].
These differences induce structural changes that are needed for the severing pro-
cess [89]. Cofilin decorated actin filaments depolymerize faster at their pointed
ends but also depolymerize slowly at their barbed ends. This effect is stronger
when ADF is bound instead of Cofilin 1 or Cofilin 2 [90]. Another study also
showed that Cofilin 2 and ADF are more efficient at induction of actin depoly-
merization than Cofilin 1, since lower amounts of these proteins are sufficient to
initiate the severing process [91].
WD repeat containing protein (WDR)1, also called actin interacting protein (AIP)
1, caps barbed ends of Cofilin severed actin filaments, thereby increasing de-
polymerization efficiency of Cofilin [92]. Initially, it binds specifically to Cofilin
decorated F-actin, enhances the severing process and then remains bound to the
barbed end [93]. There are currently two theories about how WDR1 promotes
severing. One is, that by displacing Cofilin on actin filaments, boundaries of
Cofilin bound and unbound areas are created, which initiates severing. Alterna-
tively, WDR1 binding could lead to structural changes at the F-actin binding site
of Cofilin [89] [94] [95]. Figure 1.9 displays the two potential mechanisms.
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Figure 1.9: Actin severing by Cofilin and WDR1/AIP1. (A) WDR1/AIP1 displaces Cofilin from
actin, thereby creating boundaries between Cofilin decorated and undecorated regions which
promotes severing. (B) Binding of WDR1/AIP1 to Cofilin induces structural changes to activate
actin severing properties of Cofilin [89].
Cofilin proteins are inactivated by phosphorylation at Ser3 by LIM kinase (LIMK).
Dephosphorylated and thereby active Cofilin localizes clearly at lamellipodial
protrusions, whereas the inactive form of the protein is distributed diffusely in
the cell [96]. LIMKs themselves can be activated by various kinases, including
ROCK downstream of Rho [97] and MRCKα downstream of Cdc42 [98]. RhoC
regulates Cofilin phosphorylation locally and specifically in lamellipodial pro-
trusions during cell migration. RhoC itself is strictly regulated by p190RhoGEF
and p190RhoGAP during that process [99]. A recent study revealed phosphory-
lation of Cofilin mediated via WDR1 and LIMK, offering an additional level of
regulation via WDR1 [100]. Another mechanism of Cofilin inactivation involves
binding to phosphoinositides at the plasma membrane. This connection disables
Cofilin from binding to actin as well as WDR1 [101].
1.3.3 Other Rho signaling pathways
RhoA has been shown to play an important role during two phases of cell di-
vision [102]. During prophase, when cells enter mitosis, RhoA mediates cell
rounding and stiffening of the cellular cortex [103]. Later, RhoA is needed to
induce contraction, mediating the abscission process [104]. There are no studies
on RhoB or RhoC functions during cell division. Two proteins that are classified
as RhoA downstream effectors mediating cell division are Anillin and Citron-
kinase. The latter is actually needed for recruitment of RhoA and Anillin to
the intercellular bridge during telophase and thereby essential for induction of
the abscission process [105]. Another study also proposed that Citron-kinase is
in fact an upstream regulator of RhoA, since RhoA inactivation only affects the
13
1 Introduction
localization of Anillin, not of Citron-kinase. Depletion of Citron-kinase on the
other hand displaces RhoA and Anillin from the midbody, which is the structure
mediating the abscission process [106].
Rho can also, directly or indirectly, activate phospholipase D (PLD). Direct PLD
activation occurs via binding of Rho to the C-terminus [107], whereas indirect
activation is mediated via an additional Rho downstream effector, protein kinase
N (PKN), which can also bind and activate PLD [108]. PLD is involved in many
cellular processes such as trafficking, secretion, endocytosis and prevention of
apoptosis [109] [110]. PKN, on the other hand, is involved in trafficking, cell
migration and cortical actin formation downstream of Rho proteins [111] [112].
1.4 Pathogens manipulating the actin cytoskeleton
Many pathogens, bacteria as well as viruses, manipulate the actin cytoskeleton
for their own benefit during the infection process. As an example, analysis by
Alto et al. [113] revealed 24 bacterial proteins that share a common WxxxE motif.
The WxxxE proteins can act as GEFs to activate Rho GTPases in infected host
cells. The tryptophane (W) and glutamic acid (E) residues are conserved and do
not show any variation throughout this protein family. Bacteria included in this
list are enterohemorrhagic E. coli, enteropathogenic E.coli, Citrobacter rodentium,
Shigella flexneri, Shigella dysenteriae, Salmonella enterica and Salmonella enteritidis.
The WxxxE proteins are translocated into host cells via a type three secretion
system (T3SS). This apparatus consists of a basal body residing in the bacterial
membranes and a needle, whose tip is in contact with the host cell membrane,
mediating formation of a pore and transport of bacterial virulence factors di-
rectly into the host cell [114].
Invasion of bacteria into host cells is classified in two mechanisms, one of which,
the trigger-mechanism, involves the T3SS. Trigger-invasion depends on bacterial
virulence factors being injected into the host cell and inducing uptake by manip-
ulation of host cell proteins in the cytoplasm, which involves regulation of the
actin cytoskeleton. Zipper-invasion on the other hand is mediated by bacterial
surface proteins binding to receptors on the cell surface and influencing actin
rearrangements by receptor signaling. Whereas Listeria and Yersinia species are
well-known examples for the zipper-mechanism, Shigella flexneri and Salmonella
enterica serovar Typhimurium use the trigger-pathway [115].
1.4.1 Salmonella enterica serovar Typhimurium
The gram-negative genus Salmonella of the family Enterobacteriaceae consists of
two species, S. enterica and S. bongori. S. enterica is divided in multiple serovars,
including Enteritidis, Paratyphi, Typhi and Typhimurium [116]. Some serovars,
such as Typhi and Paratyphi can cause Typhoid fever and infect only humans.
Non-typhoidal serovars, such as Typhimurium and Enteritidis cause salmonel-
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losis, the main cause of gastroenteritis in humans and also animals, which causes
around 155 000 deaths per year worldwide [117] [118]. S. subterranea used to be
classified as a third Salmonella species, which has been revised due to new inves-
tigations [119].
Salmonellae infect humans and animals via contaminated food or water. Infec-
tion in the intestine occurs by transport of the bacteria through specialized M
cells to the basolateral epithelial side. An important virulence factor is the flag-
ellum, which provides bacterial motility and at the same time induces strong
immune responses in the host [120]. On the basolateral side, bacteria are either
taken up by macrophages or invade non-phagocytic enterocytes. After invasion,
Salmonella resides in the Salmonella containing vacuole (SCV) to replicate in the
host cell [121]. Two T3SSs, encoded on the Salmonella pathogenicity island (SPI)-
1 and SPI-2, deliver effectors into the host cell to ensure bacterial invasion and
survival. SPI-1 effectors facilitate entry into non-phagocytic cells, whereas SPI-2
is important for survival of bacteria residing in the SCV [122]. Three effectors
relevant for the invasion process will now be described in further detail.
The sopE gene is found only in some Salmonella strains, but most of these have
been epidemic [123]. SopE induces membrane ruffling in cells, which is me-
diated via Rac1 and Cdc42 activity. It was also shown that SopE increases the
exchange of GDP to GTP on various Rho GTPases, including Rac1, RhoA and
Cdc42. An increase was also detectable for RhoB and RhoC but it was more
subtle since the basic level of GTP bound Rho GTPase without SopE was much
lower [124]. SopE acts as a GEF by inserting its GAGA motif between switch I
and switch II of the GTPase, which induces GDP release [125]. In addition, SopE
promotes fusion of the SCV and early endosomes [126] to inhibit contact with
the lysosome [127]. SCVs containing dead bacteria gain late endosomal markers
such as Rab7 and later fuse with the lysosome which would lead to bacterial
killing. SCVs with living bacteria do not acquire Rab7 or other late endosomal
markers and thereby avoid killing by the lysosome [127]. The fusion of SCV and
early endosomes is mediated via SopE binding to and activating Rab5 on the
SCV surface. SopE is translocated to the cytosol, where it potentially activates
Rab5, which can then in its GTP bound form be recruited by SopE to the phago-
somal surface. Therefore, SopE also plays a role not only during invasion but
also for later stages of infection [126].
SopE2 is conserved among various Salmonella strains and has 64% amino acid
identity to SopE [128]. The effector protein activates Cdc42 and recruits the
Arp2/3 complex to membrane ruffles, thereby promoting Salmonella invasion
[129]. Invasion of a SopE2 mutant in HeLa cells was reduced to 17% [128].
The SopB protein from Salmonella, a phosphatidylinositol phosphatase, is se-
creted via the SPI1 type III secretion system. Phosphatidylinositoles can be
phosphorylated at positions 3, 4 or/and 5 by phosphatidylinositol phosphatases,
leading to the generation of phosphoinositides. These substrates regulate the
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actin cytoskeleton in an indirect fashion. PtdIns(4,5)P2 acts at the plasma mem-
brane and can for example bind Cdc42, thereby supporting the generation of
membrane ruffles [130]. After bacterial attachment to the cellular membrane,
the phosphatidylinositol phosphatase activity of SopB leads to recruitment of
the SNX18 host protein to the bacterial entry site. SNX (sorting nexin) proteins
share a phospholipid-binding-domain and are involved in membrane trafficking
and protein sorting [131]. SNX18 is important to form the SCV at the plasma
membrane. This was shown to be independent of Rac1 and Cdc42 [132]. In
addition, phosphatase activities of SopB recruit SNX9 to the bacterial entry site,
which induces membrane ruffling by activation of the Arp2/3 complex activator
N-WASP, leading to bacterial uptake [133] [134].
Figure 1.10 displays two mechanisms of Salmonella invasion and the respective
implications of the effector proteins described above. The most studied pathway
of entry is mediated by the Arp2/3 complex, although this mechanism was
shown not to be essential for invasion [135]. A recently discovered pathway was
shown to depend on SopB-mediated RhoA activation and myosin II-associated
contraction [136]. The S. Typhimurium SL1344 strain was used for this study
since it was shown to be highly invasive, induces large membrane ruffles and
expresses the SopE protein [137].
Figure 1.10: Invasion pathways of Salmonella. Virulence factors used by S. Typhimurium dur-
ing two different invasion pathways are graphically displayed. SopB activates RhoA by a yet
unknown mechanism, inducing contractility. On the other hand, SopB, SopE and SopE2 cooper-
ate to induce membrane ruffling [138].
1.4.2 Shigella ﬂexneri
Shigellae, as Salmonellae, are gram-negative bacteria belonging to the family of En-
terobacteriaceae. There are four serogroups and also species, which are S. boydii,
S. dysenteriae, S. flexneri and S. sonnei. The latter two are the predominant species
causing shigellosis in developed and also developing countries [139]. Shigella
species cause around 1 million deaths per year worldwide (http://www.who.int/
immunization/topics/shigella/en/) (30.08.2018). The S. flexneri M90T strain was
used in this study due to its virulence and invasiveness [140].
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As Salmonella, Shigella species are food-borne pathogens that are taken up via
contaminated nutrition. Once in the colon, bacteria breach the epithelial barrier
by movement through M cells. On the basolateral site, they are either taken up
by macrophages in which they induce cell death, or invade into epithelial cells
[141]. After invasion, bacteria subsequently lyze the phagosomal membrane to
escape into the cytoplasm. This is mediated by the haemolytic toxin IpaB [142].
Once in the cytoplasm, the bacteria use actin based motility, initiated via the
IcsA protein [143], for spreading to neighboring cells while staying intracellular
during the whole process. While entering the adjacent cell, a membrane forms
around the bacterium developing into a vacuole. Finally Shigella escapes the
vacuole and forms actin tails again [144].
Virulence factors of Shigella are encoded on the virulence plasmid pWR100 (see
Figure 1.11). The mxi and spa proteins are important to form the T3SS, which
translocates various effectors into the host cell to induce the invasion process.
Additional genes encode regulators and chaperones for the effector proteins.
Figure 1.11: Shigella virulence plasmid pWR100. Virulence proteins of Shigella are encoded on
the pWR100 plasmid and are either important to form the T3SS or are themselves effectors that
are translocated into the host cell [145].
The virulence factor IpgB1, which is translocated via the T3SS, activates Rac1
and Cdc42. Subsequent generation of membrane ruffles, which are also formed
upon overexpression of IpgB1 [146], aids in bacterial invasion into epithelial
cells [147]. Activation of Rac occurs via the RhoG-ELMO-Dock180 pathway, in
which IpgB1 is hypothesized to mimic RhoG [148]. Dock180 directly binds to
and activates Rac1. RhoG binds to the ELMO protein and Dock180 to induce the
activation [149].
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IpgB2 induces the formation of stress fibers in cells [146]. Alto et al. [113] pro-
posed that this process was independent of RhoA, but dependent on ROCK.
Binding of IpgB2 to the Rho binding domain of ROCKI and ROCKII as well as
mDia1 was thereby analyzed and verified [113]. Nevertheless, binding of IpgB2
to RhoA, acting as a Dbl-like GEF, was also confirmed a few years later [45]. The
formation of stress fibers upon IpgB2 transfection is dependent on the WxxxE
motif, since W62A and E66A mutations abolish the effect [113]. A collective role
for IpgB1 and IpgB2 during invasion in epithelial cells was proposed [150].
IpgD shows 59% similarity and 41% identity to the amino acid sequence of SopB
from S. Typhimurium. Similarly IpgE, the chaperone of IpgD, shares 57% se-
quence similarity and 29% identity to SigE, the chaperone for SopB [151]. As
SopB, IpgD dephosphorylates PtdIns(4,5)P2, thereby indirectly regulating the
actin cytoskeleton and cell morphology [152]. Furthermore, IpgD induces long
lasting Ca2+ signals during infection of epithelial cells and thereby delays focal
adhesion disassembly [153]. Modification of Ca2+ fluxes by IpgD prevents ac-
tivation of the protease calpain, so that cellular adhesions and cell-cell contacts
are stabilized and not degraded by the protease [153] [154].
1.4.3 Other pathogens manipulating the actin cytoskeleton
In addition to Shigella and Salmonella strains, many other pathogens use the actin
cytoskeleton of the host cell for their own benefit and manipulate Rho GTPase
regulation. For instance, some strains of the enteropathogen Yersinia pseudotu-
berculosis express a protein called cytotoxic necrotizing factor (CNF)y. This toxin
activates RhoA, Rac1 and Cdc42. It was shown that RhoA activation by CNFy
increases effector translocation into the host cell via the T3SS [155].
Enteropathogenic and enterohaemorrhagic Escherichia coli (EPEC and EHEC)
form pedestals on enterocytes in the gut instead of invasion into the cells. Pedestal
formation and elongation are mediated by the bacterial virulence factor EspH,
which induces actin polymerization via N-WASP and the Arp2/3 complex [156].
Belonging to the Pneumoviridae family, respiratory syncytial virus (RSV) induces
lower respiratory tract infections, especially in children, the elderly and im-
munosuppressed patients. RSV has a negative sense RNA genome which is
surrounded by a nucleocapsid and a lipid bilayer envelope [157]. One important
protein embedded in the envelope is RSV-F.
The viral F-protein activates RhoA by increasing the amount of its isopreny-
lated and membrane-bound form. In addition, downstream signaling of RhoA,
mediated by ROCK, was increased upon RSV infection [158]. RSV-F is able to
bind GDP-RhoA and promotes syncytium formation, cell fusion and filamen-
tous virion morphology. On the other hand, it is dispensable for infection effi-
cacy and production of new virus particles [159][160]. The latter was shown to
be dependent on Arp2. Filopodia formation and cell motility, promoting viral
spread to uninfected cells, were also induced by RSV-F and facilitated by Arp2
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[161]. Analysis of RhoA in the context of RSV infection described above was
partially relying on the use of C3 toxin from Clostridium botulinum, which affects
not only RhoA but also RhoB and RhoC [162]. Therefore, potential functions of
RhoB and RhoC in RSV infection have not been analyzed in a distinct fashion in
the past.
An example for a pathogen inhibiting RhoA is Vaccinia virus. Its F11 protein
binds RhoA as well as Myosin-9A, which is a GAP for this GTPase. By bringing
the GTPase and its respective GAP together, inactivation of RhoA is promoted,
which facilitates viral spread [163]. Also Pseudorabies virus suppresses RhoA
activity, in this case by phosphorylation of the GTPase via protein kinase A
(PKA). This induces stress fiber breakdown and increases the amount of Rac1-
mediated protrusions, supporting viral cell-to-cell spread [164].
1.5 Aim of the study
Rho proteins have been shown to be involved in important processes such as
cell division and migration and are thus critical for cancer development. Fur-
thermore, a recent study revealed a role for Rho in Salmonella invasion, in addi-
tion to Rho proteins being manipulated by many other pathogens. Nevertheless,
most studies only focused on RhoA and neglected the closely related RhoB and
RhoC proteins.
Therefore, the aim of this project was to analyze the specific contributions of
RhoA, RhoB and RhoC to cellular as well as infection processes. For that pur-
pose, knockout (KO) cell lines for the three proteins in various combinations
were generated. Cell biological analysis was set out to distinguish the regula-
tion of GTPases in the context with GDIs and also to investigate their distinct
roles for the actin cytoskeleton and particularly for stress fiber formation. Global
changes in mRNA expression depending on the specific Rho proteins as well as
morphological changes upon Rho KO were elucidated to decipher the impact on
gene regulation and the overall cellular phenotype, respectively.
In addition, infection studies with Salmonella enterica serovar Typhimurium in
the context of Rho KOs gave further insight into the bacterial invasion process
independent of Rac and membrane ruffling. Furthermore, infection studies with
other pathogens expressing Rho activating factors, such as Shigella flexneri, were
performed to discover potentially conserved mechanisms.
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2 Materials and Methods
2.1 Chemicals, Buﬀers and Plastic ware
2.1.1 Chemicals
Chemicals, reagents and solvents used for this study were purchased from Ad-
dgene, Aobious, AppliChem, BD Biosciences, BioCision, Bioline, Bio-Rad, Bio-
zym, Chromotech, Clontech Laboratories, Cytoskeleton, Dharmacon, Epicen-
tre, Eurofins, Fluka, GE Healthcare, Gibco, Honeywell, Ibidi, J.T. Baker, Lonza,
Macherey-Nagel, Merck, Millipore, Molecular Probes, NEB, Novagen, Qiagen,
Promega, Roche, Roth, Serva, Sigma, Sino Biological, Thermo Fisher Scientific,
Tocris, Toronto Research Chemicals and VWR. Details are stated in brackets
whenever the reagent is mentioned during description of the methods.
2.1.2 Buﬀers
All buffers and media were prepared with deionized water (Milli-Q by Milli-
pore). If not stated otherwise, H2O will always refer to Milli-Q in the following
chapters. Many buffers or media were sterilized by autoclaving before usage
if necessary, for example phosphate buffered saline (PBS), which was used for
many different experiments. It was prepared by dissolving a tablet from Gibco
in 500 ml H2O.
2.1.3 Plastic ware
Plastic tubes were ordered from Falcon and Sarstedt. Corning was the supplier
for cell culture plastic, while petri dishes for bacteria were ordered from Greiner
Bio-One.
2.2 Bacterial Culture
2.2.1 Bacterial Strains
Bacterial strains used for this study are listed in Table 2.1. Salmonella enter-
ica serovar Typhimurium SL1344 wildtype (WT) will be referred to as S. Ty-
phimurium in the following chapters. Shigella flexneri M90T WT will be termed
S. flexneri. Details concerning the antibiotics, which are mentioned in table 2.1
are described in chapter 2.2.2.
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Table 2.1: Bacterial strains
Strain Resistance Source
Escherichia coli TOP10 none Zero Blunt TOPO PCR
Cloning Kit (Thermo Fisher)
Salmonella Typhimurium SL1344 (wildtype) none Dirk Buhmann (University
of Basel, Switzerland)
S. Typhimurium SL1344 ∆SopB Spec Wolf-Dietrich Hardt (ETH
Zurich, Switzerland)
S. Typhimurium SL1344 ∆SopE/SopE2 Cm, Kan, Strep Dirk Buhmann (University
of Basel, Switzerland)
S. Typhimurium SL1344 ∆SopB/SopE/SopE2 Kan, Strep Dirk Buhmann (University
of Basel, Switzerland)
Shigella flexneri M90T (wildtype) none Philippe Sansonetti (Institut
Pasteur, Paris)
2.2.2 Cultivation of Bacteria
Bacteria were cultivated in lysogeny broth (LB) medium (Table 2.2, Conc. means
concentration), except for Shigella strains, which were grown in tryptic soy broth
(TSB) medium (Table 2.3). Cultivation was performed in media containing re-
spective antibiotics if necessary and was executed by agitation at 37°C (incu-
bator from Thermo Fisher Scientific, IGS 400). Employed antibiotics were ampi-
cillin (Amp), chloramphenicol (Cm), kanamycin (Kan), spectinomycin (Spec) and
streptomycin (Strep) and are listed in Table 2.4. They were sterile filtered and
stored at -20°C.
Bacterial colonies used for starting liquid cultures were picked from LB or TSB
agar plates. For preparation of agar plates, media containing 16 g/l (LB) or
15 g/l (TSB) agar (BD Biosciences) were autoclaved and poured into 10 cm
plastic dishes (Greiner Bio-One). 500 ml agar-containing medium yielded ~20
dishes.
Long-term storage of bacteria was performed by mixing 600µl overnight culture
and 600µl of 30% glycerol (Roth) in LB medium and stored at -70°C. For work-
ing cultures, bacteria were streaked on agar plates and incubated up-side down
overnight at 37°C. The agar plates were stored up to 2 weeks at 4°C before new
bacteria were thawed.
Table 2.2: LB medium
Compound Company Conc.
Bacto tryptone BD 10 g/l
Bacto yeast extract BD 5 g/l
NaCl Roth 7.5 g/l
Table 2.3: TSB medium
Compound Company Conc.
Tryptic soy broth BD 30 g/l
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Table 2.4: Antibiotics
Antibiotic Company Working Concentration
Ampicillin (Amp) Sigma 100µg/ml
Chloramphenicol (Cm) Sigma 20µg/ml
Kanamycin (Kan) Sigma 50µg/ml
Spectinomycin (Spec) Sigma 100µg/ml
Streptomycin (Strep) Sigma 90µg/ml
2.2.3 Transformation of Chemically Competent Bacteria
Chemically competent E. coli TOP10 from the Zero Blunt TOPO PCR Cloning Kit
(Thermo Fisher Scientific), were transformed by adding the respective deoxyri-
bonucleic acid (DNA) (see chapter 2.3.7) and incubating the suspension on ice
for 30 minutes. Afterwards, heat shocking of bacteria was achieved by a 1 minute
incubation at 42°C (Thermocycler from Ditabis) to destabilize the bacterial mem-
brane. Subsequently, bacteria were cooled on ice for 1 minute and, after adding
600µl LB medium, transferred to 37°C at 500 rounds per minute (rpm) for 1 hour
(Thermocycler from Eppendorf). Finally, bacteria were centrifuged at 10 000 x g
for 2 minutes (Centrifuge Pico 17 from Thermo Fisher Scientific). Most of the su-
pernatant was discarded and about 100µl of the retaining supernatant was used
to resuspend the bacteria, which were plated on LB agar plates containing the
respective antibiotics using soda lime glass beads (3 mm, Sigma). The plates
were incubated up-side down at 37°C overnight and single colonies were used
for further steps.
2.3 Molecular Biological Methods
2.3.1 Plasmid Preparation
Plasmid DNA was prepared using GeneJET Plasmid Miniprep Kit (Thermo
Fisher Scientific). The preparation was done according to manufacturers proto-
col, except for the elution step, for which 50µl of nuclease-free H2O (Millipore)
were used. DNA concentration and purity were controlled using Denovix DS-
11+ at an optical density (OD) of 260 nm. Plasmid preparation for transfections
was done using the Qiagen Plasmid Midi Kit. 75 ml overnight culture were used
for the preparation and the rest of the procedure was performed according to
manufacturers protocol. 150µl of nuclease-free H2O were used to dissolve the
DNA pellet.
Plasmids used for this study are listed in Table 2.5. The pSpCas9(BB)-2A-GFP
plasmids contain single guide ribonucleic acid (RNA) sequences for CRISPR-
Cas9 mediated KO of RhoA, RhoB and RhoC (see chapter 2.3.10). sgRNA se-
quences were 5′-GAUAAGAGAGAGGCCGCAGG-3′ (RhoA), 5′-GCACCACCA-
GCUUCUUGCGGA-3′ (RhoB) and 5′-GAUAUAGUUCUCAAAGACGGU-3′
(RhoC). Plasmid maps of pcDNA3 RSV-F, pCRBlunt II-TOPO vector and pSp-
Cas9(BB)-2A-GFP are included in chapter 6.2.
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Table 2.5: Plasmids
Name Antibiotic Resistance Source
pcDNA3 Ampicillin Thermo Fisher
pcDNA3 RSV-F Ampicillin S. Haid [165]
pCRBlunt II-TOPO vector Kanamycin Zero Blunt TOPO PCR
Cloning Kit (Thermo Fisher)
pEGFP-C1 Kanamycin Clontech Laboratories
GFP-RhoA Kanamycin Addgene #23224
GFP-RhoB Kanamycin Addgene #23225
GFP-RhoC Kanamycin Addgene #23226
pSpCas9(BB)-2A-GFP RhoA Ampicillin J. Kollasser/ C. Brakebusch
pSpCas9(BB)-2A-GFP RhoB Ampicillin J. Kollasser/ C. Brakebusch
pSpCas9(BB)-2A-GFP RhoC Ampicillin J. Kollasser/ C. Brakebusch
2.3.2 Oligonucleotide Primers
Primers used for this study were ordered from Eurogentec and stored at -20°C
as 100µM stock solutions. A 1:10 dilution was used as working stock. The
oligonucleotides are listed in Table 2.6. Rho primers were used to clone the
respective genes for KO verification.
Table 2.6: Oligonucleotides
Name Sequence 5’ to 3’ Purpose
M13 forward GTAAAACGACGGCCAG Sequencing
M13 reverse CAGGAAACAGCTATGAC Sequencing
RhoA forward GGAAAGTCTGCACATGTATAGT Cloning
RhoA reverse AGGATCCAGGATACTAGATGT Cloning
RhoB forward AGCGGCAAGCAACAGGGA Cloning
RhoB reverse CCAGCTCCACCTGCTTGC Cloning
RhoC forward CTGCCTGCCAGTTTCAGCCAT Cloning
RhoC reverse GTGGTAAGGAAGGACATCCATG Cloning
2.3.3 Polymerase Chain Reaction
Extracted DNA (see chapter 2.4.9) was amplified in a polymerase chain reac-
tion (PCR) using Hot start KOD polymerase (Novagen) according to manufac-
turer’s protocol (Table 2.7). KOD polymerase creates blunt-ended PCR products.
Buffer, dNTPs and MgSO4 were also purchased from Novagen. The respective
PCR program is shown in Table 2.8. The PCR cycler used in this study was Pe-
qSTAR 2x Gradient (Peqlab).
Amplification of DNA in a PCR reaction is accomplished in 3 steps. First,
the double-stranded DNA is denatured at high temperatures to generate sin-
gle strands. Next, the temperature is decreased to a specific point at which the
respective primers anneal specifically to their complementary regions, flanking
the target region. In the last step, the temperature is increased again to the opti-
mal working temperature of the respective polymerase, which then elongates the
double-stranded Primer-DNA regions to yield the target sequence. This cycle,
which is repeated ~30 times, is shown in Figure 2.1.
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Figure 2.1: PCR cycle. Schematic representation of a PCR cycle, including denaturation, anneal-
ing and extension (https://www.thermofisher.com/de/de/home/life-science/cloning/cloning-
learning-center/invitrogen-school-of-molecular-biology/pcr-education/pcr-reagents-
enzymes/pcr-cycling-considerations.html) (26.03.2018).
Table 2.7: PCR reaction mix
Component Stock concentration Amount
Buffer 10x 2.5µl
dNTPs 2 mM each 2.5µl
MgSO4 25 mM 1.5µl
KOD polymerase 1 U/µl 0.5µl
Primer forward 10µM 0.75µl
Primer reverse 10µM 0.75µl
DNA - ~200 ng
H2O - add up to 25µl
Table 2.8: PCR program
Cycles Denature Annealing Extension
1 95°C, 2 minutes
10 95°C, 20 seconds x°C*, 10 seconds 70°C, 10 seconds
25 95°C, 20 seconds x°C**, 10 seconds 70°C, 10 seconds
1 70°C, 5 minutes
*: Annealing temperature starting with 65°C (RhoA), 68°C (RhoB), 70°C (RhoC)
and decreasing 1°C per cycle
**: Annealing temperature 55°C for RhoA, 58°C for RhoB and 60°C for RhoC
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2.3.4 qPCR
Isolated RNA from cells (described below in chapter 2.4.10) was used for quan-
titative polymerase chain reactions (qPCRs), which were performed by Silvia
Prettin (HZI, Braunschweig). RNA was first mixed with 1µl lysophosphatidic
acid (LPA) (Thermo Fisher Scientific) and then with 50µl NH4OAc (Sigma) and
375µl cold 100% ethanol. Precipitation was done for 30 minutes at -80°C. After
centrifugation at 14 000 rpm for 20 minutes at 4°C, the pellet was washed twice
with cold 80% ethanol and finally dried at 37°C. 11µl DEPC (Roth) were used
for dissolving the pellet.
The respective qPCR primers for murine RhoB were ordered from Sino Biological
(Catalog number MP202540). The SensiFAST SYBR No-ROX One-Step Kit (Bi-
oline) was used for the subsequent qPCR reaction in a LightCycler 480 (Roche)
according to manufacturers protocol with 100 ng RNA. The PCR program is
shown in Table 2.9.
Table 2.9: qPCR program
Cycles Temperature Time
1 45°C 10 minutes
1 95°C 2 minutes
45 95°C - 60°C - 72°C 5 seconds - 10 seconds - 5 seconds
1 95°C 5 seconds
1 65°C 1 minutes
1 40°C 30 seconds
2.3.5 Agarose Gel Electrophoresis
PCR products were subsequently mixed 5 : 1 with 6x loading dye (Thermo
Fisher Scientific) and loaded on 1% agarose gels. Agarose gels were produced
by dissolving agarose (AppliChem) in 1x Tris acetate EDTA (TAE) buffer (Table
2.10) and boiling the solution for complete solubility. The warm agarose solution
was mixed with Midori Green (Biozym), of which 5µl were used for 100 ml
of TAE buffer, and poured into a gel chamber. The DNA ladder chosen for
analysis was the 100 bp ladder from NEB (Figure 2.2). 3µl ladder were used per
gel. Midori Green intercalates into DNA, which can thereby be detected under
ultraviolet (UV) light. The software used for analysis was Geljet Imager by Intas.
Since DNA is negatively charged, it can be separated by size in an agarose gel
by moving towards the positively charged pole. Smaller fragments move faster
through the pores, which leads to separation of the molecules.
Table 2.10: TAE buffer 50x
Compound Company Concentration
Tris base Roth 2 M
Acetic acid VWR 1 M
EDTA Fluka 50 mM
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Figure 2.2: DNA ladder. The Quick load 100 bp ladder from NEB was used
for analysis on agarose gels (https://www.neb.com/products/n0467-quick-load-100-bp-dna-
ladder#ProductInformation) (22.03.2018).
2.3.6 DNA Puriﬁcation
Amplified DNA fragments were cut with a scalpel out of agarose gels under
UV light and subsequently purified using GeneJET Gel Extraction and DNA
Cleanup Micro Kit (Thermo Fisher Scientific). The extraction was done accord-
ing to manufacturer’s protocol, except for the final elution, for which 10µl of
nuclease-free water (Millipore) were used.
2.3.7 TOPO Cloning
After purification, DNA fragments were cloned into pCRBlunt II-TOPO vector
(see Table 2.5) according to manufacturer’s protocols. 2µl of DNA were mixed
with 1µl salt solution, 1µl TOPO vector and 2µl H2O (all provided by Zero Blunt
TOPO PCR Cloning Kit, Thermo Fisher Scientific). The solution was incubated
at room temperature for 5 minutes and then cooled on ice. Transformation of the
complete solution into chemocompetent bacteria was performed as described in
chapter 2.2.3.
2.3.8 Enzymatic Digestion
After TOPO cloning, single bacterial colonies were picked and DNA was pre-
pared as described in chapter 2.3.1. Before sequencing, DNA samples were
screened by enzymatic digestion. For that purpose, 4µl DNA were incubated
with 1µl EcoRI (cutting at 5′-GAATTC-3′, behind the guanine), 1µl 10x FastDi-
gest Green Buffer (Thermo Fisher Scientific) and 4µl nuclease-free water (Milli-
pore) at 37°C (Thermocycler from Ditabis) for 30 minutes. This was controlled
by loading 5µl of the mixture on a 1% agarose gel (see chapter 2.3.5). Due to
usage of FastDigest Green Buffer no additional loading buffer was needed.
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2.3.9 DNA Sequencing
Sequencing of DNA was performed by Eurofins. For that purpose, 5µl DNA
were mixed with 5µl nuclease-free water (Millipore) and 10µl of 10µM M13
forward or M13 reverse primer (Table 2.6).
2.3.10 CRISPR/Cas9
The CRISPR/Cas9 technology, which is shown in Figure 2.3, can be used to
induce defined gene KOs. CRISPR stands for Clustered regularly interspaced
palindromic repeats, whereas Cas means CRISPR-associated proteins. For KO
generation, specific single guide (sg) RNAs (see chapter 2.3.1) are designed,
which are complementary to the target sequence that should be mutated. These
sequences are cloned into the pSpCas9(BB)-2A-GFP plasmid, which is then used
to transfect cells. Transfected cells are selected via fluorescence associated cell
sorting (FACS) according to their green fluorescent protein (GFP) signal (see
chapter 2.4.7). The Cas9 enzyme, which is coupled to the sgRNA, induces dou-
ble strand breaks at the specific target sites, which can lead to mutations. A
specific sequence motif, called protospacer adjacent motif (PAM), needs to be
present downstream of the target region in order for the nuclease to cut the
DNA [166]. In this project, the method was used to generate KO clones for
RhoA, RhoB and RhoC.
Figure 2.3: CRISPR/Cas9. The single-stranded guide RNA leads the Cas9 nuclease to the specific
mutation site, where double strand breaks are induced, leading to gene KOs. PAM sites on the
3’ end of the target region are necessary for cutting by the nuclease [166].
2.3.11 Microarray-Analysis
For analysis of RNA regulation in Rho KO cells, samples of all cell lines were
resuspended in RLT buffer (Qiagen). For that purpose, 4 x 106 cells were cen-
trifuged for 5 minutes at 1000 rpm (Centrifuge 5804 R from Eppendorf). The
supernatant was discarded and the pellet was resuspended in 350µl of buffer
and stored at -70°C. After thawing, cells were vortexed for 1 minute and RNA
was subsequently isolated using RNeasy Mini Kit (Qiagen). DNAse digestion
was performed during RNA isolation as described in the protocol. Quality of
the RNA was controlled afterwards using a Bioanalyzer (Agilent Technologies).
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Labeling and scanning of samples was performed as described by Agilent Tech-
nologies (Scanner G2565CA). Agilent 4x44k_Mouse V2 design ID : 026655 was
used for microarray analysis. From RNA isolation on, the procedure was done
by Petra Hagendorff (GMAK, HZI, Braunschweig).
2.4 Cell Culture
2.4.1 Cell Culture Media
All cells mentioned in this study were cultured in DMEM with 4.5 g/L glucose
(Gibco), 10% fetal bovine serum (FBS) (Sigma), 1% Glutamine (Gibco) and 1%
MEM-Non-Essential-Amino-Acids (Gibco) at 37°C and 7.5% CO2 in an i160 in-
cubator from Thermo Fisher Scientific. Only Rac fl/fl and Rac −/− cells (see
Table 2.11) were grown in medium additionally containing 1% sodium pyruvate
(Gibco). Media were sterile filtered through 0.22µm pores of Corning filters.
For passaging, which was done every second day, cells were washed with PBS
(Gibco) to get rid of medium remains (which could inhibit Trypsin functionality)
and detached with Trypsin-EDTA (Gibco). The reaction was stopped by adding
cell culture medium and diluting the cells appropriately. NIH-3T3 WT cells and
RhoBC KO clones were usually diluted 1 : 10 for two days, whereas RhoAB
KO clones were diluted 1 : 3 and RhoAC KO clones 1 : 4. Rac fl/fl cells were
passaged at a 1 : 20 dilution, whereas Rac −/− cells were diluted 1 : 6.
2.4.2 Cell Lines
The cell lines used in this study are listed in Table 2.11. Numbers of Rho KO
cells are respective clone numbers.
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Table 2.11: Cell lines
Name Properties Source
NIH-3T3 wildtype mouse embryonic fibroblasts ATCC CRL-1658
NIH-3T3 RhoA1 RhoA knockout this study
NIH-3T3 RhoA2 RhoA knockout this study
NIH-3T3 RhoA3 RhoA knockout this study
NIH-3T3 RhoB1 RhoB knockout this study
NIH-3T3 RhoB2.2 RhoB knockout this study
NIH-3T3 RhoB3 RhoB knockout this study
NIH-3T3 RhoC3 RhoC knockout this study
NIH-3T3 RhoC6 RhoC knockout this study
NIH-3T3 RhoC9 RhoC knockout this study
NIH-3T3 RhoA3B6 RhoA & RhoB knockout this study
NIH-3T3 RhoB1A1 RhoA & RhoB knockout this study
NIH-3T3 RhoB1A5 RhoA & RhoB knockout this study
NIH-3T3 RhoB3C4 RhoB & RhoC knockout this study
NIH-3T3 RhoB3C5 RhoB & RhoC knockout this study
NIH-3T3 RhoC3B4 RhoB & RhoC knockout this study
NIH-3T3 RhoC3B6.7 RhoB & RhoC knockout this study
NIH-3T3 RhoC9A2 RhoA & RhoC knockout this study
NIH-3T3 RhoC9A3 RhoA & RhoC knockout this study
Rac flox/flox mouse embryonic fibroblasts, contain
floxed Rac1 gene
A. Steffen [38]
Rac KO #3 Rac1 knockout A. Steffen [38]
2.4.3 Freezing and Thawing of Cells
Long term storage of cells was done in tanks filled with liquid nitrogen. For
thawing of cells, the vials were thawed in a waterbath (Grant) at 37°C and then
transferred into a 15 ml tube with 4 ml of normal cell culture medium. The
cells were centrifuged at 4°C for 5 minutes at 1000 rpm (Centrifuge 5804 R from
Eppendorf). The supernatant was discarded and the pellet was resuspended in
7 ml of medium and transferred to a 10 cm cell culture dish, which was then
moved to the cell culture incubator with 37°C and 7.5% CO2.
Confluent dishes of cells were used for freezing of backup stocks. Cells from
a confluent 10 cm dish were trypsinized and centrifuged for 5 minutes at
1000 rpm and 4°C. The supernatant was discarded and the pellet was resus-
pended in 1400µl DMEM (containing 4.5 g/l glucose, from Gibco), 400µl FBS
(Sigma) and 200µl DMSO. Cell solutions were transferred to cryo vials (1 ml so-
lution per vial) and cooled down using CoolCell Cell Freezing Containers (Bio-
Cision) at -70°C, which cool 1°C per minute. The next day, cells were transferred
to liquid nitrogen.
2.4.4 Counting of Cells
Cells were counted before seeding for experiments. After trypsinization, 10µl
out of 6 ml cell suspension were mixed with 90µl Trypan Blue solution (Lonza).
25µl of the mixture were transferred to a Fuchs-Rosenthal counting chamber,
which is illustrated in Figure 2.4. The number of cells in one big square (the
29
2 Materials and Methods
magnification in Figure 2.4) was counted in four squares and the mean value
was calculated. The mean value was multiplied with the dilution factor (10) and
with 5000 (the chamber factor) to get the number of cells per ml. Afterwards, the
needed number of cells was prepared in cell culture medium and seeded into
well plates of needed formats for further incubation at 37°C and 7.5% CO2.
Figure 2.4: Fuchs-Rosenthal counting chamber. This chamber was used to count and calcu-
late the number of cells per ml suspension (https://www.amazon.com/177-512C-Disposable-
Counting-Rosenthal-10plates/dp/B01AU77P6E) (22.03.2018).
2.4.5 Transfection of Cells
For transfection with DNA, cells were seeded the day before to achieve sub-
confluent densities on the desired day. Cells were transfected with 1µg of the
respective plasmids per well in a 6 well plate using X-tremeGENE 9 DNA Trans-
fection Reagent (Roche) at a 3:1 ratio according to manufacturer’s instructions.
DMEM (4.5 g/l glucose, from Gibco) was used to dilute DNA and the transfec-
tion reagent.
2.4.6 siRNA-induced Knockdown
Short interfering RNAs (siRNAs) can be used to downregulate gene expression.
Therefore, double-stranded siRNA pools can be transfected into eukaryotic cells.
These siRNAs then associate with the RNA induced silencing complex (RISC),
which uses one strand of the siRNA to target the complementary mRNA and
leads to its degradation. By degradation of the mRNA, respective protein levels
are decreased.
SMARTpool siRNAs were ordered from Dharmacon. The pool for knockdown
of Cofilin 1, Cofilin 2 and ADF is depicted in Table 2.12. Before transfection with
siRNAs for cofilin family genes, cells were seeded at low densities in 24 well
plates. For transfection, 2.5µM per siRNA were added together and incubated
for 5 minutes in serum-free Opti-MEM medium (Gibco). The same mixture was
set up with nuclease-free water (Millipore) instead of siRNAs as mock control.
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In parallel, 1µl of Dharmafect transfection reagent per well was incubated in
the same way. Next, both solutions were mixed and incubated for 20 minutes
before adding normal culture medium and adding the solution to the cells. One
day later, the same procedure was performed using only the siRNA for Cofilin 2
at a concentration of 5µM. The next day, cells were plated on glass coverslips
(NeoLab) coated with fibronectin (described in chapter 2.6.5). Three days after
the first transfection, cells were fixed with 4% paraformaldehyde (PFA) (Sigma)
in PBS for 20 minutes at room temperature and washed three times with PBS
afterwards, before storage at 4°C or continuing immunofluorescence staining as
described in chapter 2.6.5.
Table 2.12: siRNA for Cofilin knockdown
Target Sequence
Cofilin 1 5′-CCAGAAGAAGUGAAGAAAC-3′
Cofilin 1 5′-CAGACCUGCUCUUGGGUGU-3′
Cofilin 1 5′-CUAACUGCUACGAGGAGGU-3′
Cofilin 1 5′-GUGUCAUCAAGGUGUUCAA-3′
Cofilin 2 5′-GGAAGUAAUUUGGGUAUAA-3′
Cofilin 2 5′-CUGAAAGUGCACCGUUAAA-3′
Cofilin 2 5′-UCUGAAUGAUUGCCGAUAU-3′
Cofilin 2 5′-AUGUAAGACAGGCGUGCUA-3′
ADF 5′-GAUGAAGUAUGUCGCAUUU-3′
ADF 5′-ACGACAUGAAAGUUCGGAA-3′
ADF 5′-CAGAAGACCUCAAUCGGAC-3′
ADF 5′-GUGCAUAGUCGAAGAAGAA-3′
2.4.7 FACS
FACS stands for fluorescent associated cell sorting. Single cells are analyzed by
different lasers. Forward scattering is a measure for volume of cells, whereas the
result of side scattering depends on granularity of the cell. The setup is illus-
trated in Figure 2.5. Fluorescently labeled cells can also be detected and sorted
according to the result.
FACS sorting was used to specifically isolate cells that were GFP positive after
transfection with pSpCas9(BB)-2A-GFP containing sgRNA sequences for Rho
KO. This was done by Dr. Lothar Gröbe (HZI, Braunschweig). Single cells with
high GFP levels were sorted directly into 96well plates containing 33.3% con-
ditioned medium using the Aria-II SORP machine (BD Biosciences), grown to
confluency and expanded.
To measure size/volume and granularity of cells, the LSR-II SORP from BD Bio-
sciences was used. 1/3 of a confluent 10 cm dish was centrifuged for 5 minutes at
1000 rpm (Centrifuge 5804 R from Eppendorf) and the pellet was resuspended
in 300µl FACS buffer (Table 2.13). Samples were kept on ice until the actual
measurement.
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Figure 2.5: FACS. Figure shows how forward scatter (FSC) and side scatter (SSC) are positioned
in a sorting machine and how single cells are analyzed and assigned according to the result.
Fluorescent lasers (FL1) can be used to sort the cells depending on specific fluorescent signals
[167].
Table 2.13: FACS buffer
Compound Company Concentration
PBS Gibco 1x
EDTA Fluka 2 mM
Fetal Bovine Serum Sigma 10%
2.4.8 Generation of Cell Lysates
Cells were grown to confluency, subsequently trypsinized and transferred to a
2 ml tube. From this step forward, everything was carried out at 4°C. The sus-
pension was centrifuged at 5000 x g for 5 minutes (Centrifuge Fresco 21 from
Thermo Fisher Scientific) and washed three times with cold PBS in the same
manner. Finally, the cell pellet was incubated in NP-40 lysis buffer for 20 min-
utes. The components of NP-40 lysis buffer are listed in Table 2.14. NaF, Na3VO4
and protease inhibitor cocktail were always added directly before usage. The
buffer was solved in H2O. For a confluent cell layer in a 6 well format, 250µl
lysis buffer were used. Another centrifugation step was carried out at 10 000 x g
for 15 minutes and the supernatant containing the protein solution, was stored
at -20°C.
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Table 2.14: Content of NP40 lysis buffer
Compound Company Concentration
Glycerol Roth 10%
NaCl Roth 100 mM
NaF Sigma 100 mM
Na3VO4 Sigma 1 mM
Nonidet P-40 Fluka 1%
MgCl2 Roth 2 mM
Protease inhibitor cocktail Cytoskeleton 1x
Tris HCl pH 8 Roth 50 mM
Cell extracts needed for phospho-antibodies were prepared with 1x Halt Pro-
tease and Phosphatase Inhibitor (Thermo Fisher Scientific) in 1x SDS loading
buffer (see Table 2.17). The solution was pipetted directly on the adherent cells
and after lysis, the solution was transferred to a tube and treated with 1µl Ben-
zonase (Merck) for 10 minutes at room temperature to digest the DNA before
loading the sample on SDS gels (see chapter 2.5.2).
2.4.9 DNA Isolation from Cells
For sequencing of potential Rho KO clones, DNA was isolated using QuickEx-
tract DNA Extraction Solution (Epicentre). From 6 ml cell suspension of a con-
fluent 10 cm dish, 100µl were used for DNA extraction. Cells were washed with
PBS via centrifugation for 5 minutes at 5000 x g (Centrifuge Pico 17 by Thermo
Fisher Scientifc). Subsequently, the pellet was resuspended in 50µl QuickExtract
solution and incubated first at 70°C for 20 minutes, followed by a 10 minutes in-
cubation at 95°C (Thermocycler from Ditabis and Eppendorf). DNA was stored
at 4°C.
2.4.10 RNA Isolation from Cells
To analyze mRNA expression in NIH-3T3 WT cells during S. Typhimurium in-
fection via q-PCR (described in chapter 2.3.4), 200.000 cells per well were seeded
the previous day in a 6 well plate. Right before infection with S. Typhimurium
and 1 - 6 hours afterwards, cells were washed with PBS, lyzed with 500µl ly-
sis buffer and stored at -70°C. RNA isolation was performed by Silvia Prettin
(HZI, Braunschweig) using the NucleoSpin RNA plus kit (Macherey-Nagel) ac-
cording to manufacturers protocols. For elution of RNA, 60µl elution buffer
were used and sample concentration was measured using Denovix DS-11+ spec-
trophotometer.
2.4.11 Inhibitor Treatments
Cells were treated with various inhibitors, listed in Table 2.15 for two different
experimental setups. For immunofluorescence stainings in the context of Cofilin
siRNA knockdown (IF), treatment occured for 1 hour at 37°C and cells were
33
2 Materials and Methods
fixed with 4% PFA (Sigma) in PBS afterwards. In a different context, cells were
treated with Rhosin for 24 hours or/and EHT 1864 for 4 hours before infection
with bacteria (Bac) as described in chapter 2.4.14. All inhibitors were diluted in
normal cell culture medium, with the exception of Rhosin which was diluted in
DMEM only (4.5 g/l glucose, from Gibco) without any serum.
Table 2.15: Inhibitors
Compound Target Company Working conc.
BDP5290 MRCK Aobious 20µM (IF)
(S)-Blebbistatin myosin II Toronto Research Chemicals 120µM (IF)
EHT 1864 Rac1, Rac2, Rac3 Tocris 5µM (Bac)
Rhosin RhoA, RhoB, RhoC Millipore 50µM (Bac), 200µM (IF)
Y-27632 ROCK1, ROCK2 BD Biosciences 50µM (IF)
2.4.12 Treatments with Rho-Activating Proteins
For constitutive activation of RhoA, RhoB and RhoC, cells were seeded on cover-
slips with fibronectin (see chapter 2.6.5) and treated with 150 nM CNFy (kindly
provided by Paweena Chaoprasid, HZI, Braunschweig) for 4 hours at 37°C and
7.5% CO2. After fixation with 4% PFA (Sigma) in PBS, cells were stained as
described in chapter 2.6.5.
2.4.13 Transfections with RSV-F Protein
One day prior to transfection with pcDNA3 RSV-F, cells were seeded into 24 well
plates. Transfection with X-treme Gene 9 (see chapter 2.4.5) was performed
early in the morning and transfected cells were transferred on coverslips with fi-
bronectin in the afternoon. Fixation of cells was done 24 hours after transfection.
Immunofluorescence staining was done as described in chapter 2.6.5.
2.4.14 Gentamycin Protection Assay
For analysis of bacterial invasion into various cell lines, gentamycin protection
assays were performed. Cells were seeded the day before into 24 well plates
(4 replicates per condition). 50 000 cells per well were used (see counting and
seeding of cells described in chapter 2.4.4). Bacteria were cultured overnight in
5 ml of their respective medium at 37°C. The next day, the overnight cultures
were diluted in 5 ml medium (75µl of S. flexneri or 70µl of S. Typhimurium
overnight culture) and grown to an optical density (OD) at 600 nm between 0.5
and 0.8 (which equals exponential growth phase, measured with Biophotometer
Plus from Eppendorf), which took around 2 hours.
Subsequently, 2 ml of bacterial suspension were centrifuged at 10 000 x g for
2 minutes (Centrifuge Pico 17 by Thermo Fisher Scientific). The pellet was re-
suspended in 1 ml of PBS and the OD600 was measured again. Before infection,
bacteria were diluted in DMEM (for details to cell culture medium see chapter
2.4.1) at a multiplicity of infection (MOI) of 100. An OD600 of 1 equals 5 x 108
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bacteria for S. flexneri and 1 x 109 for S. Typhimurium. These numbers are based
on experiments in which bacteria were plated on agar at multiple ODs in differ-
ent dilutions, incubated overnight at 37°C and counted the next day.
For calculation of the actual inoculum, 10-4 and 10-5 dilutions of bacterial suspen-
sions in PBS were plated on agar plates and incubated up-side down overnight
at 37°C, as a control of bacterial numbers used for infection. 300µl of bacterial
suspension in DMEM were added to each well of cells. This was followed by
centrifugation at 2000 rpm for 5 minutes (Eppendorf 5810 centrifuge) to define
the starting point of infection. Infected cells were incubated at 37°C and 5% CO2
for 30 minutes (incubator NuAire 5800-E), before 200µl of gentamycin solution
(Sigma) were added on top (final concentration of 50µg/ml). After an additional
incubation time of either 30 minutes or 5 hours and 30 minutes at 37°C, during
which gentamycin killed all extracellular bacteria, cells were washed with PBS
three times. Infected cells were lyzed with 250µl of 0.5% Triton-X-100 (Bio-Rad)
in PBS for 5 minutes at room temperature. Afterwards, bacterial suspensions
were diluted in PBS and plated on agar plates. These were incubated up-side
down at 37°C overnight and bacterial colonies were counted the next day. De-
pending on the experimental setup, one condition was chosen as control and
all other conditions were normalized to it. Differences in bacterial inoculum
were used to correct the values if multiple bacterial strains were used in one
experiment.
2.4.15 CellTracker Stainings
Both NIH-3T3 WT and Rho KO cells were seeded for confluency on the next
day and either one or the other was stained with CellTracker CMFDA (green)
7.5µM or CellTracker CMPTX (red) 10µM (Molecular Probes) diluted in Opti-
MEM (Gibco) for 30 minutes at 37°C and 7.5% CO2. Afterwards, stained and
unstained cells were mixed on glass coverslips (NeoLab) coated with fibronectin
(Roche). Immunofluorescence was performed as described in chapter 2.6.5. Cells
were either stained with Alexa Fluor 488 coupled-phalloidin (in the case of red
CellTracker) or ATTO 594 coupled-phalloidin (in the case of green CellTracker)
and additionally with DAPI (see Table 2.19). Intensity and area measurements
were carried out with Metamorph software. These experiments were performed
by Franziska Grüner (HZI, Braunschweig).
2.5 Protein Biochemistry
2.5.1 Measurement of Protein Concentration
Protein concentrations needed for Western Blot analysis were measured using
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) according to manufac-
turer’s protocols. 10µl of each sample were used in duplicates. Bicinchonic acid
reacts with cuprous ions to form a purple complex. Cupric ions are reduced to
cuprous ions by proteins, so that the intensity of the purple complex relates to
the amount of protein in the sample. This process is depicted in Figure 2.6.
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Figure 2.6: BCA reaction. Figure shows the reaction of Bicinchonic acid with proteins, leading
to a purple dye (https://marylandmunch.wordpress.com/nutrients/protein/) (23.03.2018).
2.5.2 SDS-PAGE
Proteins can be separated according to their size via sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The process is illustrated in
Figure 2.7. SDS is a detergent that binds to denatured proteins with its hy-
drophobic part and is at the same time soluble in water due to its hydrophilic
part. Since it is negatively charged, it moves towards an electrode with positive
charge. On the way through the acrylamide gel, small proteins move faster than
big proteins, which leads to a clear separation.
Figure 2.7: SDS-PAGE. Figure shows procedure of separating proteins according to
their size via SDS-PAGE (http://www.bio-rad.com/de-de/applications-technologies/protein-
electrophoresis-methods?ID=LUSOW4GRI) (23.03.2018).
SDS gels were poured with different acrylamid concentrations, depending on
the size of proteins that needs to be analyzed. Higher concentrations of acry-
lamid were used for small proteins, such as Rho GTPases, with a size around
25 kDa. The composition of SDS gels at different concentrations is shown in
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Table 2.16 (Res. stands for resolving gel). As acrylamide solution, 30% Acry-
lamide/ 0.8% Bisacrylamide (37.5:1) (Roth) was used. The resolving gel buffer
consists of 1.5 M Tris and 0.4% SDS (Roth) pH 8.8, whereas the stacking gel
buffer contains 0.5 M Tris and 0.4% SDS pH 6.8. TEMED and APS were ordered
from Roth and Sigma, respectively. The BioRad system was used for pouring
and running of gels. For the experiments of this study, glass plates with a space
of 1.5 mm and combs with 15 wells were used. After pouring the resolving gel,
isopropanol (Roth) was added on top to smoothen the edges. It was discarded
after polymerization of the resolving gel, before the stacking gel was poured on
top.
Table 2.16: Composition of 2 SDS gels
Compound 7.5% Res. 10% Res. 12.5% Res. 15% Res. Stacking
Acrylamide 4 ml 5.34 ml 6.66 ml 8 ml 0.9 ml
Resolving gel buffer 4 ml 4 ml 4 ml 4 ml
Stacking gel buffer 0.9 ml
H2O 7.8 ml 6.6 ml 5.24 ml 3.9 ml 4 ml
TEMED 16µl 16µl 16µl 16µl 8µl
APS 64µl 64µl 64µl 64µl 32µl
Specific amounts of protein samples (20µg if not stated otherwise) were mixed
with the appropriate amount of 4x SDS loading dye (see Table 2.17) and boiled
at 95°C for 5 minutes for denaturation (Thermocycler from Ditabis). Samples
were afterwards centrifuged at 10 000 x g for 1 minute (Centrifuge Pico 17 from
Thermo Fisher Scientific) before they were loaded on SDS gels. The ladder used
for this study was Color Prestained Protein Standard, Broad Range, from NEB
(shown in Figure 2.8). 5µl ladder were used in one well. The separation process
was performed at 200 V for about 1 hour. SDS running buffer consists of 25 mM
Tris base (Roth), 192 mM Glycine (Serva) and 0.1% (v/v) SDS (Roth).
Table 2.17: SDS 4x loading dye
Compound Company Concentration
SDS Roth 3.3%
Tris-HCl pH 6.8 Roth 25 mM
Glycerol Roth 33.3%
β-Mercaptoethanol AppliChem 3.3%
Bromphenolblue AppliChem 0.041%
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Figure 2.8: Protein Ladder. Color Prestained Protein Standard (Broad Range) from NEB was
used as ladder on SDS gels (https://www.neb.com/products/p7712-color-prestained-protein-
standard-broad-range-11-245-kda#Product Information) (23.03.2018).
2.5.3 Coomassie-Blue-Staining
To control protein amounts loaded onto SDS gels, they were stained after sepa-
ration via electrophoresis. Therefore, the gels were incubated in Coomassie Bril-
liant Blue R-250 solution (0.1% Coomassie R-250 (w/v) (AppliChem), 10% Acetic
Acid (v/v) (VWR), 25% Isopropanol (v/v) (Roth), 65% H2O (v/v)). Coomassie
binds to the basic side chains of amino acids and thereby stains proteins specifi-
cally. The solution was boiled in a microwave and incubated shaking afterwards
for 30 minutes. To destain the gels, they were incubated in H2O, which was
boiled up a couple of times and refreshed after every boiling step. Finally, the
gel was documented using a scanner (HP Scanjet G2710).
2.6 Immunological Methods
Immunostaining with antibodies can be used for various techniques. Primary
antibodies are specific for an antigen and can then be detected by secondary an-
tibodies, depending on which species they are from. These secondary antibodies
are often coupled to dyes on their Fc region. The general structure of antibodies
is shown in Figure 2.9.
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Figure 2.9: Antibody structure. This figure displays the general structure of an antibody
(https://www.bio-rad-antibodies.com/immunoglobulin-antibody.html) (23.03.2018).
2.6.1 Primary Antibodies
Primary antibodies, used for Western Blots (WB) or immunofluorescence stain-
ings (IF), are listed in Table 2.18. Pc stands for polyclonal and mc for monoclonal
antibodies.
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Table 2.18: Primary antibodies
Protein Target Company Catalog/ Clone mc/pc Species Dilution
Actin Sigma-Aldrich A2066 pc Rabbit 1 : 1000 (WB)
ADF Walter Witke (Uni-
versity of Bonn)
7D10 mc Mouse 1 : 5 (WB)
Cofilin 1 Walter Witke (Uni-
versity of Bonn)
KG60 pc Rabbit 1 : 500 (WB)
Cofilin 2 Walter Witke (Uni-
versity of Bonn)
FHU1 pc Rabbit 1 : 500 (WB)
GAPDH Calbiochem CB1001 mc Mouse 1 : 10.000 (WB)
GDIα Thermo Fisher MA5-17032/ 2G3 mc Mouse 1 : 1000 (WB)
GDIβ abcam ab227093 pc Rabbit 1 : 1000 (WB)
GFP Hybridoma (Bar-
bara Behrendt,
HZI)
101G4B2 mc Mouse undiluted (WB)
GM-130 BD 610823/ 35 mc Mouse 1 : 200 (IF)
non-muscle
myosin IIa
abcam ab55456 mc Mouse 1 : 100 (IF)
non-muscle
myosin IIb
abcam ab204358 pc Rabbit 1 : 100 (IF)
p16 Hybridoma (Ker-
stin Schilling,
HZI)
323H3 mc Mouse undiluted (IF)
phospho-Akt Cell Signaling 9271 pc Rabbit 1 : 1000 (WB)
phospho-
Cofilin 1
Cell Signaling 3311 pc Rabbit 1 : 1000 (WB)
phospho-MLC2 Cell Signaling 3675 mc Mouse 1 : 1000 (WB)
Rac1 BD 610650/ 102 mc Mouse 1 : 1000 (WB)
RhoA Santa Cruz sc-418/ 26C4 mc Mouse 1 : 200 (WB)
RhoB Santa Cruz sc-180/ 119 pc Rabbit 1 : 200 (WB)
RhoC Cell Signaling D40E4 mc Rabbit 1 : 1000 (WB)
RSV-F (Synagis) AbbVie PZN 00639133 mc humanized 1 : 1000 (IF)
ROCK1/2 Millipore 07-1458 pc Rabbit 1 : 500 (WB)
Tubulin Synaptic Systems 302 211/ 3A2 mc Mouse 1 : 25.000 (WB)
WDR Thermo Fisher PA5-27645 pc Rabbit 1 : 1000 (WB)
2.6.2 Secondary Antibodies/Fluorescent Dyes
Secondary antibodies, which were used for detection of the primary antibodies
described in chapter 2.6.1, are listed in Table 2.19. They were coupled to fluores-
cent dyes or horseradish peroxidase to generate detectable signals for analysis.
Phalloidin is a toxin from Amanita phalloides and binds directly to F-actin [168].
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Table 2.19: Secondary antibodies
Name Coupled to Company Dilution
A4a goat α-mouse Peroxidase Dianova 1 : 5000 (WB)
A13c goat α-mouse Alexa 594 Invitrogen 1 : 200 (IF)
B4c goat α-rabbit Peroxidase Dianova 1 : 5000 (WB)
B13c goat α-rabbit Alexa 594 Invitrogen 1 : 500 (IF)
DAPI (4,6-Diamidin-2-phenylindol) − Sigma 1 : 500 (IF)
Ph12 phalloidin Alexa 488 Invitrogen 1 : 100 (IF)
Ph20 phalloidin ATTO 594 ATTO-TEC 1 : 200(IF)
2.6.3 Western Blotting
Western Blotting was performed to transfer proteins from SDS gels to polyvinyli-
dene difluoride (PVDF) membranes (Millipore). For that purpose, the membrane
was activated in methanol (J. T. Baker) and then put between two Whatman
papers (Roth) with the SDS gel. Everything was soaked in transfer buffer be-
forehand. Buffer and Western Blotting machine were used from Thermo Fisher
Scientific (shown in Figure 2.10). The transfer was done for 15 minutes (20 min-
utes for large proteins) at 25 V and 1.3 A per membrane.
Figure 2.10: Western Blotting. The Fast Blotter from Thermo Fisher Scientific was used to
transfer proteins from SDS gels to PVDF membranes. The setup is shown schematically
(https://assets.thermofisher.com/TFS-Assets/BID/Product-Guides/2162534.pdf) (23.03.2018).
After the transfer, membranes were blocked with Tris buffered saline with Tween
20 (TBST) (see Table 2.20) containing 10% FBS for 1 hour. Incubation with pri-
mary antibodies occurred overnight at 4°C in TBST containing 5% FBS. After
washing of membranes with TBST, secondary antibody incubation was per-
formed for 1 hour in TBST. Subsequently, membranes were washed with TBST,
followed by signal development with Lumi-Light Western Blotting Substrate
(Roche) and recording with Intas ECL Chemocam Imager. Semi-quantitative
analysis of Western Blots were performed using ImageJ software (BioVoxxel).
For that purpose, rectangles of identical size were drawn around bands of in-
terest and intensities were measured. These were adjusted corresponding to
loading controls, such as GAPDH or tubulin, which are housekeeping genes.
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WT bands were defined as 100% and intensities of KO clones were normalized
to that value.
Table 2.20: 1x TBST buffer
Compound Company Concentration
Tris base pH 7.6 Roth 20 mM
5 M NaCl Roth 137 mM
Tween20 Sigma 0.1%
2.6.4 Immunoprecipitation with GFP-Trap
Cells were transfected the day after seeding with 5µg DNA (GFP plasmids from
Table 2.5) per 10 cm dish (see chapter 2.4.5). The following day, five 10 cm
dishes per condition were washed with cold PBS three times and the lyzed with
300µl NP-40 buffer (see Table 2.14) per dish. After centrifugation at 20 000 x g
for 15 minutes at 4°C (Centrifuge Fresco 21 from Thermo Fisher Scientific), 5%
of the lysate were mixed with 4x SDS sample buffer and used as input control.
30µl GFP-Trap beads (Chromotec), which were washed three times with 30µl
washing buffer (100 mM NaCl, 2 mM MgCl2, 50 mM Tris HCl) via centrifugation
at 1000 x g at 4°C for 5 minutes beforehand, were then mixed with the lysate and
incubated at 4°C for 1 hour. After centrifugation at 1000 x g for 5 minutes, 5%
of the supernatant were mixed with 4x SDS sample buffer and used as unbound
control. Beads were then washed once with 1 ml washing buffer and subse-
quently mixed with 2x SDS sample buffer. These experiments were performed
by Silvia Prettin (HZI, Braunschweig).
2.6.5 Immunoﬂuorescence Staining
Glass coverslips from NeoLab (12 mm) were washed under agitation in a solu-
tion of 60% ethanol (J. T. Baker) (v/v) and 40% HCl (Roth) (v/v) for 30 minutes
for cleaning. After multiple washings steps with H2O, coverslips were dried on
Whatman paper (Roth) and sterilized by autoclaving. Before seeding of cells,
glass coverslips in 24 well plates were coated with 100µl 25µg/ml fibronectin
solution (Roche, stock concentration 1 mg/ml in 2 M Urea) in PBS for 1 hour at
room temperature. After washing of coverslips with PBS three times, cells were
seeded in normal culture medium onto the coverslips. The next day, cells were
fixed with 4% PFA (Sigma) in PBS for 20 minutes at room temperature. Follow-
ing fixation and washing of coverslips with PBS three times, cells were permeabi-
lized with 0.05% Triton-X-100 (Bio-Rad) in PBS for 30 seconds and subsequently
washed three times with PBS. Next, blocking solution, consisting of 5% horse
serum (Cytogen) in PBS with 1% bovine serum albumin (BSA) (AppliChem) was
added to the coverslips for 1 hour. For detection of specific cellular structures,
the primary antibody was diluted according to Table 2.18 in PBS containing
1% BSA. Coverslips were added on a droplet of 30µl of the antibody dilution
and incubated in a dark humid chamber for 1 hour. After washing the cover-
slips with PBS three times, the same procedure was performed for secondary
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antibody incubation, also for 1 hour in the dark humid chamber. Finally, the
coverslips were washed three times with PBS and put on glass microscope slides
(Thermo Fisher Scientific) on a droplet of prewarmed (60°C) Mowiol (aliquots
were prepared in a former lab according to the protocol in Table 2.21 and stored
at -20°C). Samples were stored at 4°C overnight and analyzed with a microscope
the following day.
Table 2.21: Mowiol
Compound Amount
Mowiol 2.4 g
87% Glycerol 6 g
H2O add to 6 ml
0.2 M Tris pH 8.5 200µl
N-propylgalate 2.5µg/ml
2.6.6 G-LISA Activity Measurements
For detection of active Rho GTPase levels, G-LISA RhoA and Rac1/2/3 Activa-
tion Kits (Cytoskeleton) were used. Confluent cells were trypsinized, washed
with PBS via centrifugation at 4°C for 5 minutes at 5000 x g (Centrifuge Fresco
21 from Thermo Fisher Scientific) and lyzed in the appropriate amount of Cell
Lysis Buffer (250µl buffer for confluent cells in a 6 well plate). The assays were
performed according to manufacturer’s protocols.
Summarized, cell lysates were pipetted into a 96 well format in which only the
GTP bound form of the respective GTPase was bound by the coating of the
wells. After some washing steps, incubation with the primary antibody recog-
nizing the respective GTPase was performed, followed by secondary antibody
incubation. The secondary antibody was coupled to horseradish peroxidase so
that colorimetric signal detection, measuring the amount of active GTPase, was
possible. The procedure is therefore similar to an indirect enzyme linked im-
munosorbent assay (ELISA), which is shown in Figure 2.11. In this case, the
antigen is provided by the company and specifically interacts with GTP-bound
Rho GTPases.
Figure 2.11: G-LISA procedure. This scheme shows the sequence of an indirect
ELISA, which resembles the G-LISA protocol (https://www.creative-diagnostics.com/ELISA-
guide.htm) (23.03.2018).
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2.7 Microscopy
2.7.1 Epi-Fluorescence Microscopy
Image acquisition of fixed samples (see chapter 2.6.5) was performed using
an inverted microscope (Axiovert 135TV, Zeiss) with a Photometrics CoolSnap
K4 camera and Metamorph software. Images were obtained with 63x (Plan-
NEOFLUAR, numerical aperture 1.25) or 100x oil objective (Plan-NEOFLUAR,
numerical aperture 1.30) and were subsequently analyzed using ImageJ soft-
ware.
2.7.2 Live Cell Imaging
NIH-3T3 WT and Rho KO cells were seeded at low densities on glass bottom
dishes (Ibidi) coated with fibronectin (as described in chapter 2.6.5) and phase
contrast videos were acquired at a rate of 6 frames/hour for 20 hours with a
20x objective. A Biostation from Nikon was used for that purpose, keeping the
cells at 37°C and 7.5% CO2 during measurements. Single cells were tracked via
ImageJ using the manual tracking plugin.
Random migration experiments were also done in viscous medium, containing
0%, 1% or 2% polyvinylpyrrolidon (PVP) (Sigma). For these experiments, cells
were seeded at low densities in 12 well plates and images were acquired with a
SIM-E from Nikon. Normal cell culture medium was changed to PVP containing
medium right before the recording started. Phase contrast images with a 10x
objective were taken for 10 hours at a rate of 12 frames per hour.
2.8 Mathematical and Statistical Analysis
2.8.1 Statistical Analysis
For analysis of Western Blots as well as invasion assays with bacteria, values of
the control group were set as 100% and results of other samples were normal-
ized to that value. Graphs were generated with GraphPad Prism and One-Way
ANOVA was used as statistical test for Western Blots, whereas invasion assays
and random migration experiments were analyzed using the t-test.
2.8.2 Bioinformatical Analysis of Array-Data
Bioinformatical analysis of microarray results (described in chapter 2.3.11) was
done by Dr. Robert Geffers. Expression results were displayed as binary loga-
rithm. Again, Rho KO results were normalized to WT values.
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3.1 Small molecule inhibitors of Rho and Rac
aﬀect bacterial invasion
Rac [124], as well as Rho proteins [136], have been described to play a role in
Salmonella infection by promoting bacterial uptake. However, previous studies
did not dissect between RhoA, RhoB and RhoC. A first approach to assess the
roles of Rac and Rho in combination was performed by utilizing Rac1 KO cells
and/or the small molecule inhibitor Rhosin, suppressing RhoA, RhoB and RhoC
functions at the same time. A more detailed analysis followed by using KO cell
lines for the distinct Rho proteins, as described in chapter 3.4.1. For the first
experiments, Rac1 fl/fl or Rac1 KO cells were either treated with 50µM Rhosin
for 24 hours or only incubated in serum-free medium before infection with S.
Typhimurium WT for 30 minutes, followed by 30 minutes gentamycin treatment
to get rid of extracellular bacteria and specifically assess invasion rates.
Results are shown in Figure 3.1. Inhibition of Rho proteins led to a 40% decrease
in invasion, while bacterial invasion rates were decreased by more than 80%
upon Rac1 deficiency when compared to Rac1 fl/fl control cells. Treatment of
Rac1 KO cells with Rhosin reduced invasion to below 5%. These data revealed
additive effects of Rac and Rho for invasion of S. Typhimurium.
Figure 3.1: Invasion of S. Typhimurium WT in Rac1 KO cells with Rho inhibition. Rac1 fl/fl
and Rac1 -/- cells were treated with 50µM Rho inhibitor Rhosin for 24 hours and subsequently
infected with S. Typhimurium WT for 30 minutes. Gentamycin was used to get rid of extracel-
lular bacteria for additional 30 minutes. Cells were lyzed with Triton-X 100 and bacteria were
diluted and plated on LB agar plates. Graph represents arithmetic means with standard error of
the mean (SEM) from three independent experiments. Data were normalized to control levels.
Unpaired t-test was used to calculate significances (p < 0.05).
Involvement of GTPases such as Rac and Rho in bacterial invasion has also been
described for S. flexneri [169]. Therefore, the same experimental setup as de-
scribed above was used for S. flexneri infection. The results are shown in Figure
3.2.A. Inhibition of Rho reduced bacterial invasion by 50%, whereas deletion of
Rac1, with or without Rhosin, prevented invasion completely.
45
3 Results
NIH-3T3 cells, which were used for a more detailed analysis by CRISPR/Cas9
mediated Rho KOs (see chapter 3.2), were investigated complementary to Rac1
fl/fl cells with Rho and Rac inhibitor treatments during S. flexneri invasion. Cells
were treated with 50µM Rhosin 24 hours before infection and/or with 5µM EHT
1864, inhibiting Rac proteins, 4 hours before infection. The results are shown in
Figure 3.2.B. Inhibition of Rho proteins decreased invasion to 40%, which was
not further reduced upon Rac inhibition. Treatment with EHT 1864 alone led to
an invasion rate of 60% compared to control levels. According to these experi-
ments, deletion or inhibition of Rac and Rho proteins does not affect invasion of
S. flexneri in an additive fashion, suggesting distinct pathways and mechanisms
for the GTPases during the infection process.
Figure 3.2: Invasion of S. flexneri WT in the absence of Rac1 and Rho. (A) Rac1 fl/fl and
Rac1 -/- cells were treated with 50µM Rho inhibitor Rhosin for 24 hours and subsequently
infected with S. flexneri WT for 30 minutes. Afterwards, gentamycin was added for 30 minutes
to kill extracellular bacteria. After lysis with Triton-X 100, bacteria were diluted and plated on
TSB agar plates. Graph shows arithmetic means and SEM from three independent experiments.
Significances were calculated with unpaired t-test (p < 0.05). All data were normalized to the
control condition, namely Rac1 fl/fl without Rhosin. (B) NIH-3T3 cells were treated with Rho
inhibitor Rhosin for 24 hours and/or Rac inhibitor EHT 1864 for 4 hours and subsequently
infected with S. flexneri WT for 30 minutes. Graph shows arithmetic means and SEM from
three independent experiments. Gentamycin was used to get rid of extracellular bacteria for
additional 30 minutes. Cells were lyzed with Triton-X 100 and bacteria were diluted and plated
on TSB agar plates. Data were normalized to control levels. The unpaired t-test was used to
calculate significances (p < 0.05).
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3.2 Knockout of RhoA, RhoB and RhoC in
NIH-3T3 ﬁbroblasts
Initial infection experiments with various inhibitors from this project and previ-
ous studies [136] suggested important roles for Rho proteins in bacterial infec-
tions, which could not be completely dissected by the use of small molecule
inhibitors. Differential contributions of the single proteins RhoA, RhoB and
RhoC could not be analyzed with inhibitors targeting all three proteins at once.
Therefore, KO cell lines for RhoA, RhoB and RhoC were generated using the
CRISPR/Cas9 technology. The murine cell line NIH-3T3 was used for these
experiments, since all three Rho genes are highly expressed (see Table 6.1, Sup-
plements) and potential effects of the deletions can therefore be analyzed easier.
Gene KOs in NIH-3T3 fibroblasts were induced at the target sites shown in
Figure 3.3 by transfection with pSpCas9(BB)-2A-GFP plasmids containing the
respective RhoA, -B or -C sgRNA sequences (see chapter 2.3.1). Single cells
were sorted according to their GFP intensities by FACS (Dr. Lothar Gröbe, HZI,
Braunschweig) and expanded to analyze DNA sequences and protein expression
for KO verification.
Figure 3.3: CRISPR/Cas9 mediated KO of RhoA, RhoB and RhoC. Target regions for mutations
leading to KOs in the three Rho genes are labeled by yellow flashs. UTR = untranslated region
The generation of RhoA, RhoB and RhoC single KO cells yielded three KO clones
per condition. KO clones were labeled by numbers. For the generation of dou-
ble KO clones, two different single KO clones were used. For the generation of
RhoBC double KOs for instance, RhoB KOs were induced in a RhoC KO clone
termed RhoC3 and RhoC KOs were induced in a RhoB KO clone termed RhoB3.
This led to four KO clones for RhoBC, two from each single KO clone, which was
done to increase the probability that observed phenotypes were specific to the
induced KOs and not due to off target effects. If the KO procedure leads to off
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target effects, these should differ between the clones and thus not appear in all
the combinations with different backgrounds. The KO of RhoA and RhoC only
resulted in double KOs, if cells harbored a RhoC KO first. Inducing RhoC KOs
in RhoA KOs did not yield surviving KO cells. For RhoAB KOs, the problem
was similar. Inducing a RhoA KO in a RhoB KO yielded two clones, whereas
RhoB KO in RhoA KO cells only led to one surviving KO clone. Even though
this was repeated a couple of times, no additional RhoAB KO clones, originating
from a RhoA KO, could be generated. Triple KOs could not be obtained at all.
After FACS sorting of potential triple KO clones, single cells divided a few times
in a 96 well plate and then died.
For screening of potential KO clones, cell extracts were analyzed via Western
Blotting (see Figure 3.4) with RhoA, -B or -C-specific antibodies. The Figure
shows Western Blots from one screening of potential double KO cells. Respective
Western Blots of all KO clones which were used during the experiments of this
study are displayed in Figure 3.13 and Figure 6.7 (Supplements). Clones which
did not contain detectable levels of the respective protein were further analyzed
on DNA level.
Figure 3.4: Rho KO verification by Western Blotting. Potential Rho KO clones were lyzed and
analyzed on 15% SDS gels, followed by Western Blotting with respective Rho antibodies, as
indicated. NIH-3T3 WT cells were used as control.
Sequencing results of Rho KO clones are listed in Table 3.1, showing all clones
that were generated during this study and used for all experiments described in
the next chapters. Deletions of DNA base pairs are marked by ∆, whereas + la-
bels an insertion. RhoB2.2 and RhoC3B6.7 carry an additional subclone number,
since sequencing of initial clones revealed three or more different sequences. As
only two different alleles should be present in one clone, these results pointed to-
wards a mixture of clones. Subcloning was performed to generate distinct single
clones with a defined genotype. All DNA and respective amino acid sequences
of the generated KO clones are shown in chapter 6.1.2 (Supplements).
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Table 3.1: Sequencing of Rho KOs
Clone Mutation in allele 1 Mutation in allele 2
RhoA1 ∆1 ∆86
RhoA2 ∆18 ∆17
RhoA3 ∆10 ∆1
RhoB1 +1 identical to allele 1
RhoB2.2 ∆14 ∆12
RhoB3 +1 ∆11
RhoC3 ∆16 ∆2
RhoC6 +1 ∆21
RhoC9 +1 identical to allele 1
RhoA3B6 ∆1 ∆11
RhoB1A1 +1 ∆10
RhoB1A5 ∆7 ∆11
RhoB3C4 ∆2 ∆2
RhoB3C5 +1 ∆1
RhoC3B4 +1 identical to allele 1
RhoC3B6.7 +1 +1
RhoC9A2 +1 ∆10
RhoC9A3 ∆2 ∆2
Table 3.1 reveals that, since three DNA bases encode one amino acid, most mu-
tations induce a frame shift in the amino acid sequences of the protein. Only in
the case of RhoA2, RhoB2.2 and RhoC6 the number of deletions in one allele can
be divided by three and did not lead to a frame shift but instead to a shortened
amino acid sequence. Since no protein could be detected via Western Blotting
for these clones, they were still used for experiments, though not for the gener-
ation of double KO clones. Figure 3.5 shows how the mutation in RhoA3 affects
the open reading frame and yields premature stop codons. This is assumed to
lead to degradation of the protein.
Figure 3.5: Rho KO DNA and protein sequence mutations. (A) DNA sequences of the target
region are shown and aligned for NIH-3T3 WT and RhoA3. Red region depicts the deletion of 10
base pair (bp). (B) Translated RhoA amino acid sequences of NIH-3T3 WT and RhoA3. * shows
stop codons, which appear only at the end of the sequence for WT cells but at earlier positions
in the RhoA KO sequence, yielding a truncated protein.
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3.3 Cellular characterization of RhoA-, RhoB-, and
RhoC-KO cells
3.3.1 Morphology of Rho KO cells
To assess global morphological parameters of different Rho KOs, cellular vol-
ume and area were analyzed, as shown in Figure 3.6. Cells were grouped in
four categories by FACS analysis, depending on size and granularity. The per-
centage of cells categorized as big is depicted in Figure 3.6.A. In RhoB KOs, a
significantly lower amount of big cells was observed. In line with this result, in
RhoAC KOs expressing only RhoB, the percentage of big cells was increased but
showed high variation between replicates.
The cell area on the other hand, measured with the help of Franziska Grüner
(HZI, Braunschweig), showed no dramatic changes in most cases (see Figure
3.6.B). Only RhoA, RhoAB und RhoBC double KO cells were shown to be larger
than WT cells. All these cell types appear larger without an increase of volume,
which points towards a very flat morphology. The same is true for RhoB KOs,
which show the same cellular area but a reduction of volume and are assumed
to be flat as well.
50
3 Results
Figure 3.6: Volume and area of Rho KO cells. (A) NIH-3T3 and Rho KO clones were analyzed
via FACS and grouped in four categories according to size and granularity measured via forward
and side scatter. Each clone was measured twice, whereas six measurements were executed for
WT cells. The pooled results are graphically depicted as arithmetic mean with SEM. Unpaired
t-test was used to calculate the significance (p < 0.05). (B) Either NIH-3T3 WT or Rho KO cells
were stained with CellTracker and mixed on the same glass coverslip for direct comparison and
stained with phalloidin and DAPI. Area of cells was measured using the phalloidin staining
with Metamorph. At least 60 cells were measured per KO phenotype and cells from all KO
clones were included. At least two replicates per clone were used. Graph shows arithmetic
means with SEM and significance was measured via 1way ANOVA (p < 0.05). Data were in
addition normalized to WT levels and the respective numbers are displayed in the bars. These
experiments were performed with the help of Franziska Grüner (HZI, Braunschweig).
After analyzing the size of the whole cell, are of nuclei was investigated with the
help of Franziska Grüner (HZI, Braunschweig). Area of nuclei was increased in
RhoBC KO cells, in line with an increased cell size (see Figure 3.7.A). Nuclear
area of RhoAB double KOs is unchanged even though the cellular area is en-
larged. This correlates nevertheless to the number of nuclei per cell, which is
increased in all cell lines lacking RhoA (see Figure 3.7.B). A RhoAB KO there-
fore induces more and also smaller nuclei. The same was observed for RhoA
KOs, with increased cellular area and decreased nuclear area. More nuclei per
cell point towards a defect in cell division, which is in line with the fact that
the same cell lines that display multiple nuclei per cell also grow slower in cell
culture, which was a preliminary observation without further quantification.
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Figure 3.7: Area and number of nuclei in Rho KO cells. (A) NIH-3T3 WT and Rho KO cells
were analyzed together on the same glass coverslip and distinguished by CellTracker staining.
After fixation, cells were stained with phalloidin and DAPI. Area of nuclei, labeled via DAPI
staining, was measured with Metamorph for at least 60 cells per KO phenotype and cells from
all KO clones were included. At least two replicates per clone were used for the analysis. Graph
shows arithmetic means and SEM and data normalized to WT levels are written in the bars.
Significance values were calculated with 1way ANOVA (p < 0.05). These experiments were
performed with the help of Franziska Grüner (HZI, Braunschweig). (B) Number of nuclei per
cell was analyzed by DAPI staining of at least 600 fixed cells from three independent experiments
per KO phenotype. Graph shows percentage of cells with more than one nucleus.
FACS measurements of Rho KO cells revealed not only information about cell
volume but also about granularity. Figure 3.8.A shows an increase in number
of cells with high granularity for all cell lines lacking RhoA, whereas the effect
is most dramatic in the respective double KO cells. A decrease in granularity
was on the other hand observed in RhoB KO cells. A correlation between RhoA
levels and granularity, potentially correlating with cell division and multinucle-
ation, can thereby be assumed.
Due to the involvement of RhoB in vesicular trafficking [61], the Golgi struc-
ture of all cell lines was analyzed via immunofluorescence stainings (see Figure
3.8.B). The Golgi structure was divided in two categories, compact or dispersed.
In NIH-3T3 WT cells around 40% of cells contained a compact Golgi, the other
60% were dispersed. The number of cells with a compact Golgi phenotype was
increased in RhoB KO cells to 50% and decreased in RhoAC KOs, expressing
only RhoB, to 25%. In all other cases, the distribution was similar to WT levels
with a tendency to less compact Golgi structures, especially in RhoA single KOs.
These data suggest a direct correlation between RhoB levels and Golgi structure,
showing rather dispersed structures upon high RhoB levels.
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Figure 3.8: Granularity and Golgi structure in Rho KO cells. (A) Granularity of NIH-3T3 WT
and Rho KO cells was measured via FACS as depicted in Figure 3.6.A. Graph shows pooled
arithmetic means with SEM of two replicates per clone and data were all normalized to WT
levels. Unpaired t-test was used for calculation of significance (p < 0.05). (B) Golgi structure of
NIH-3T3 WT and Rho KO cells was analyzed by staining of fixed cells with phalloidin (green),
DAPI (blue) and a GM-130 antibody labeling the Golgi apparatus (red). Golgi structures were
categorized as compact or dispersed and graph shows arithmetic means of at least 160 cells
per KO phenotype, analyzed during at least two independent experiments per clone. Scale bar
shows 50µm.
Rho proteins have long been investigated in the context of cell migration [170].
Hence, random migration assays with all KO cell lines were performed to ad-
dress their migration capacities (see Figure 3.9.A). Velocity of almost all Rho KO
cells was strongly decreased compared to WT levels. The weakest effect was
observed for RhoAC double KOs, whereas velocity in RhoA single KOs was re-
duced to only 50% of WT levels. Directionality of migration was decreased in
all cell lines except for RhoB KOs.
Since cells lacking only RhoA were most affected in cell migration, these cell
lines were used for an additional investigation, in which random migration was
analyzed in viscous medium containing different concentrations of polyvinyl-
pyrrolidon (PVP) (see Figure 3.9.B). PVP is a water-soluble polymer increasing
viscosity of liquids. This experimental setup was used to analyze the ability of
Rho KO cells to generate enough force for migration with increased resistance
of the environment. Whereas velocity of NIH-3T3 WT cells was only moder-
ately affected by an increasing PVP concentration, RhoA KOs migrated much
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slower in 2% PVP than in normal medium. Taken together, these data reveal
an important role for RhoA in migration speed and overcoming environmental
resistances during migration.
Figure 3.9: Migration capacity of Rho KO cells. (A) NIH-3T3 and Rho KO cells were seeded
on Ibidi glass bottom dishes with fibronectin and phase contrast images were taken every 10
minutes for 20 hours. Random migration was tracked via ImageJ for at least 180 cells per phe-
notype, measured during three independent experiments. Graphs for velocity and directionality
show box plots with 95/5 percentiles. Unpaired t-test was used for calculation of significances
(p < 0.05). (B) RhoA KO cells and NIH-3T3 WT cells as control were seeded in 12 well plates and
phase contrast videos were recorded for 10 hours, by taking an image every 5 minutes. Imme-
diately before the recording was started, the medium was changed to different concentrations
of PVP, increasing the viscosity of the environment. Graph shows pooled results of at least 240
cells per phenotype, measured during three independent replicates. As in (A), box plots with
95/5 percentiles are shown and unpaired t-test shows significance values (p < 0.05).
3.3.2 Diﬀerential regulation of RhoA, RhoB, RhoC and
respective GDIs in Rho KO cells
For a detailed investigation of gene regulation in cells lacking one or two Rho
proteins, microarray analysis after RNA isolation was performed in cooperation
with Petra Hagendorff and Dr. Robert Geffers (HZI, Braunschweig) to compare
Rho KO cell lines to NIH-3T3 WT cells. Three WT control replicates were in-
cluded during the analysis of single as well as double KO clones, respectively.
Figure 3.10 displays heat maps of the most regulated genes. The conclusion that
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can be drawn from this dataset is, that gene regulation in RhoA and RhoB KOs
is antagonistic. Surprisingly, gene regulation in RhoC KOs looks quite similar to
WT levels. In the double KO datset, RhoBC KOs expressing only RhoA show no
dramatic changes compared to WT cells. RhoAB and RhoAC KOs on the other
hand also seem to be regulated in an antagonistic fashion.
Figure 3.10: Heat maps of gene regulation in Rho KO cells. Microarray analysis, performed by
Petra Hagendorff and Dr. Robert Geffers (HZI, Braunschweig) revealed mRNA regulation in Rho
KOs. Each horizontal line displays one of the top regulated genes. Green shows downregulation
whereas red depicts upregulation of mRNA levels. One experimental setup measured all single
KO clones and three replicates of WT cells and another one all double KO clones and again three
replicates of WT cells. (A) Single KO cells top 50 regulated genes. (B) Double KO cells top 500
regulated genes.
The most regulated mRNAs were expressed from genes involved in cell prolifer-
ation, cell migration and adhesion to the extracellular matrix (ECM). Examples
for mRNA regulation of genes potentially involved in Rho signaling or its reg-
ulation are shown in Figure 3.11. Expression of the micro-RNA 377, which was
shown to be involved in cell proliferation [171], was strongly downregulated in
all Rho KO cell lines. mRNA levels of Rhophilin 2, encoding for a protein con-
nected with RhoB activity on late endosomes [172], were increased specifically
in RhoA and RhoAC KO cells, which express high levels of RhoB (see Figure
3.13). mRNA expression of Tropomyosin 4, which was shown to recruit myosin
II to stress fibers [173], was increased in RhoB and RhoC KO cells, expressing
high levels of RhoA (see Figure 3.13), and decreased in RhoAC double KO cells.
Expression of phosphatase of regenerating liver (PRL) genes revealed differences
between PRL1, which has already been shown to be involved in RhoA activation
[174], PRL2 and PRL3. PRL1 levels were increased in particular in RhoB KO
cells, whereas an increase of PRL3 expression was observed in RhoA and RhoC
KO cells. PRL2 mRNA levels on the other hand were decreased in RhoBC and
RhoAC double KO cells. A detailed analysis of these genes and their potential
involvement in Rho pathways will follow in the discussion. Other genes which
were analyzed based on the microarray dataset are described throughout the
next chapters.
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Figure 3.11: Regulated genes in Rho KO cells. Microarray data from Rho KO cells were used
to analyze the amount of miR-377, Rhophilin 2, Tropomyosin 4 and PRL mRNA. Graphs show
arithmetic means with SEM. Significance values were calculated with unpaired t-test (p < 0.05).
Data were normalized to WT levels.
The microarray analysis was also used to investigate mRNA levels of Rho genes.
RhoA mRNA levels were strongly decreased in all cell lines lacking the RhoA
protein, whereas no changes in other cell lines were observed (see Figure 3.12.A).
Interestingly, RhoB mRNA levels were decreased only in RhoB single KOs, but
increased in RhoA and RhoAC KO cell lines. Accordingly, more RhoC mRNA
was observed in RhoAB KO cells. In all other cell lines, especially the ones
where RhoC was deleted, RhoC mRNA levels were reduced. This investigation
thereby revealed that RhoA and RhoC mRNAs were degraded upon genetical
KO, which was not as efficient upon RhoB KO, probably due to differences in
the gene structure (see Figure 3.3). An additional analysis revealed the rela-
tive distribution of Rho mRNAs in NIH-3T3 WT cells (see Figure 3.12.B). 82% of
Rho mRNA were coding for RhoC, while only 2% encoded RhoB and 16% RhoA.
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Figure 3.12: RhoA, -B and -C mRNA levels in Rho KO cells. Microarray data were used to
analyze mRNA levels of RhoA, -B and -C in the respective KO cell lines and also in NIH-3T3
WT cells. (A) Arithmetic means with SEM of RhoA, -B and -C mRNA levels are shown for all
Rho KO cells, normalized to WT levels. Significance was calculated with unpaired t-test (p <
0.05). (B) Relative amounts of RhoA, -B and -C in NIH-3T3 WT cells are depicted based on
mRNA readout. Arithmetic means are shown with SEM and significance values were calculated
with unpaired t-test (p < 0.05).
Since upregulation of some Rho mRNAs was detected in the absence of one or
more Rho proteins, Western Blotting was performed to analyze Rho protein lev-
els in Rho KO cells (see Figure 3.13). Data revealed that RhoA protein levels were
increased around 2-fold in RhoB, RhoC and RhoBC KO cell lines. Upregulation
of RhoB levels was even more dramatic, with a 5-fold increase in RhoC KOs and
a 15-20 fold enhanced expression in RhoA and RhoAC KO cells. RhoC levels
on the other hand showed no changes in RhoA or RhoB single KOs, while pro-
tein expression was enhanced 5-fold in RhoAB KOs. These data point towards a
strong compensatory effect of the respective Rho proteins.
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Figure 3.13: RhoA, -B and -C protein levels in Rho KO cells. (A) Lysates of single and double
Rho KO cells were analyzed via Western Blotting with RhoA, -B and -C antibodies, as indicated.
GAPDH was used as loading control and Rho KO lysates were compared to NIH-3T3 cells. Blots
for single KOs are shown here, whereas Western Blots for Rho double KO cells are displayed in
Figure 6.7 (Supplements). (B) Graphs show arithmetic means with SEM from at least 5 indepen-
dent experiments per clone. Data were analyzed with 1way ANOVA (p < 0.05) and normalized
to WT levels.
Total protein levels of Rho GTPases do not necessarily correlate with protein
activity, which is why G-LISA analysis was performed (see Figure 3.14). The kit
that was used was supposed to be specific for GTP bound RhoA. Even though,
G-LISA values in cell lines lacking RhoA were not clearly decreased. Since clear
absence of RhoA was shown at the protein level (see Figure 3.13), no difference
in activity measurements of RhoA KOs by the G-LISA kit could be explained be
detection of all three Rho proteins. Activity levels were increased in RhoB and
especially RhoBC KOs, which express more RhoA according to Western Blotting.
Also, higher Rho GTP levels were observed for RhoAC double KOs. A reduction
in active GTP levels was observed in RhoC KO cell lines. The experiment thereby
provides the tendency that RhoA activity is higher in the absence of RhoB.
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Figure 3.14: Rho GTP levels in Rho KO cells. Rho GTP levels were analyzed via Rho G-LISA.
Graph shows arithmetic means and SEM from four independent experiments per clone, which
were normalized to WT levels. Unpaired t-test was used to calculate significance values (p <
0.05).
Endogenous Rho protein levels upon Rho overexpression were dissected in ad-
dition to analysis in KO cell lines. Figure 3.15 shows that RhoA levels slightly
increase upon RhoC overexpression and vice versa. No significant changes could
be observed. These data suggest a correlation between RhoA and RhoC regula-
tion.
Figure 3.15: Rho levels upon Rho over-expression. Endogenous RhoA, RhoB and RhoC levels
were analyzed with lysates of GFP-transfected cells. GAPDH was used as loading control for
Western Blotting. Graphs show arithmetic mean and SEM from at least four independent ex-
periments. Significance values were calculated with 1way ANOVA (p < 0.05) but did not show
significant changes.
Since GDIs play an important role in Rho GTPase regulation by protecting the
proteins from degradation [49], potential changes in Rho GDI levels were an-
alyzed subsequently. Microarray analysis revealed that only GDIα and GDIβ
were expressed in NIH-3T3 cells, whereas GDIγ levels were below the detection
limit (data not shown). No significant changes in GDIα mRNA expression were
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observed in Rho KO cells, whereas mRNA levels of GDIβ were decreased in
Rho double KOs (see Figure 3.16.A). Further analysis showed that 68% of GDI
mRNA in NIH-3T3 WT cells encoded for GDIα and only 32% for GDIβ (see
Figure 3.16.B).
Figure 3.16: GDI mRNA levels in Rho KO cells. (A) mRNA levels of Rho GDIs were analyzed
based on microarray data. Expression of GDIγ was below the detection limit (data not shown).
Expression levels of GDIα and GDIβ were normalized to WT levels. Graphs show arithmetic
means and SEM. Unpaired t-test was used to calculate significance values (p < 0.05). Changes
of GDIα expression were not significant. (B) Direct mRNA readout of GDIα and GDIβ from
microarray data are displayed as arithmetic means with SEM. Significance values were calculated
with unpaired t-test (p < 0.05).
Western Blot analysis displayed an increase in GDIα levels in RhoBC double
KOs and no significant changes in the other cell lines (see Figure 3.17.A). GDIβ
protein expression was slightly increased in all cell lines except for RhoA KOs
(see Figure 3.17.B). Upregulation of GDI levels could be due to increased Rho
protein levels as compensation for the loss of one or two Rho proteins.
Upregulation of the three Rho proteins upon deletion of one or two raised the
question of how exactly the increased amounts of proteins are stabilized. RhoA
and RhoC are suggested to bind to GDIα and GDIβ, whereas RhoB was shown to
bind GDIγ [53]. Since GDIγ was not expressed in NIH-3T3 cells, the interactions
between GDIs and Rho proteins were analyzed with GFP-Trap IP experiments,
performed by Silvia Prettin (HZI, Braunschweig). Data revealed that RhoB does
not interact with GDIα or GDIβ upon overexpression, whereas binding of RhoA
and RhoC to both GDIs was confirmed (see Figure 3.18.A). Binding of RhoB
to GDIs was additionally analyzed by transfection of RhoAC double KOs with
GFP-RhoB and a subsequent GFP-Trap IP. Even in the absence of RhoA and
RhoC, RhoB did not bind to GDIα or GDIβ (see Figure 3.18.B). Stability of in-
creased Rho protein amounts can therefore partially be correlated with increased
GDI levels, but a so far unknown additional mechanism has to be considered.
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Figure 3.17: GDIα and GDIβ proteins in Rho KO cells. (A) Protein levels of GDIα were
analyzed via Western Blotting of Rho KO and WT lysates. Tubulin was used as loading control.
Blot for double KOs is shown. Graph depicts arithmetic means and SEM from at least four
independent experiments. Data were analyzed with 1way ANOVA (p < 0.05). (B) GDIβ protein
levels were analyzed via Western Blotting with tubulin as loading control. The Western Blot
shows Rho double KOs. Graph shows arithmetic means and SEM from at least four independent
experiments with 1way ANOVA analysis (p < 0.05). Data revealed no significant changes.
Figure 3.18: GDI interactions with RhoA, RhoB and RhoC. (A) NIH-3T3 cells were transfected
with GFP only, GFP-RhoA, GFP-RhoB or GFP-RhoC. The next day, cells were lyzed and and
GFP-Trap IP was performed by Silvia Prettin (HZI, Braunschweig). Input and unbound control
as well as IP samples were analyzed via Western Blotting with GDIα, GDIβ and GFP antibodies,
as indicated. This experiment was performed at least three times independently. (B) RhoAC
double KOs were transfected with GFP only or GFP-RhoB. Further processing was performed
as in (A). The experiment was performed once.
3.3.3 Regulation of other GTPases in Rho KO cells
Rac family GTPases have shown to act antagonistically to Rho family GTPases
[175], so that Rac levels in Rho KOs were analyzed subsequently. Cdc42, as the
third well-studied GTPase in addition to Rac1 and RhoA, was included in the
analysis. Only Rac1 and Rac3 mRNA were expressed in NIH-3T3 cells, whereas
the values for Rac2 mRNA were below the detection limit during microarray
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analysis (data not shown). There were no obvious changes in Rac mRNA lev-
els in the Rho KO cells. The only noticeable difference was observed for Rac3
mRNA levels, which were decreased in RhoA and RhoC KO cells. Cdc42 mRNA
levels in Rho KOs were also similar to WT levels and only showed moderate
downregulation in RhoB and RhoAC KOs and moderate upregulation in RhoAB
double KOs (Figure 3.19.A.)
Protein levels were analyzed by usage of an antibody recognizing all Rac family
members as well as Cdc42. An increase in protein levels was observed in almost
all Rho KOs, but was only significant for RhoBC KOs, where 2.5 x more protein
was detected (see Figure 3.19.B). Finally, Rac activity was analyzed by using a
G-LISA kit for Rac1, Rac2 and Rac3. Again, a weak increase in Rac-GTP levels
was measured for all Rho KO cells, which did not reveal to be significantly dif-
ferent (see Figure 3.19.C). Taken together, these data reveal a moderate increase
in Rac/Cdc42 protein levels in the absence of Rho proteins.
Figure 3.19: Rac and Cdc42 levels in Rho KOs. (A) mRNA levels of Rac and Cdc42 were ana-
lyzed via microarray. Rac2 mRNA levels were below detection limit (data not shown). Graphs
show arithmetic means and SEM and significance values were calculated with unpaired t-test
(p < 0.05). Rac1 data showed no significant changes. All data were normalized to WT levels.
(B) Cell lysates of NIH-3T3 WT and Rho KOs were analyzed via Western Blotting with an an-
tibody recognizing all Rac paralogs and Cdc42. GAPDH was used as loading control. Graph
depicts arithmetic means and SEM from at least three independent experiments. Significances
were calculated with 1way ANOVA (p < 0.05). Western Blot for Rho double KOs is shown. (C)
Rac GTP levels were analyzed via G-LISA. Graph shows arithmetic means with SEM from four
independent experiments per clone. Significances were calculated with unpaired t-test (p < 0.05),
with no significant results. All data were normalized to WT levels.
In addition to analysis of protein levels via Western Blotting, morphology of Rho
KO cells was also investigated by staining specifically for lamellipodia, which
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are regulated by active Rac proteins [37]. For this purpose, a p16 antibody,
binding to the subunit of the Arp2/3 complex downstream of Rac signaling and
localizing at lamellipodial tips, was used. In all Rho KO cell lines, lamellipodial
structures could still be observed (see Figure 3.20).
Figure 3.20: Lamellipodia in Rho KOs. NIH-3T3 WT and Rho KO cells were fixed and stained
with phalloidin (green) and DAPI (blue). p16 (red) was used to highlight Lamellipodia. Arrows
point towards lamellipodial structures. Merged images are shown for Rho KOs. Furthermore,
the single channels for phalloidin and p16 are shown for NIH-3T3 WT. At least one clone per
KO phenotype was analyzed. Scale bar represents 50µm.
3.3.4 The actin cytoskeleton in Rho KO cells
Since Rho proteins regulate the actin cytoskeleton and especially stress fiber for-
mation [176], the following experiments address this topic.
Total actin levels were analyzed via Western Blotting (see Figure 3.21.A). Inter-
estingly, all Rho KO cells show the tendency of higher actin expression, which
is significantly increased in RhoBC and RhoAC double KOs. To distinguish
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between G- and F-actin, CellTracker stainings, performed by Franziska Grüner
(HZI, Braunschweig), were used to measure the F-actin intensity by phalloidin
staining. RhoA single KOs and RhoAB double KOs displayed a decrease in F-
actin intensity, which was only 70% of WT levels in the case of RhoAB KOs (see
Figure 3.21.B). When F-actin intensities are correlated to the cell area, differences
appear much more dramatic. RhoB single KOs are the only cell type where the
intensity per cell area is much higher than in WT cells. In RhoC KOs, the relation
is quite close to control levels, whereas the strongest reduction can be observed
in RhoAB double KOs, which are larger but contain less F-actin. Increased actin
levels in RhoBC and RhoAC double KOs, expressing only RhoA or only RhoB,
are therefore probably due to increased G-actin amounts. RhoC alone, namely
in RhoAB double KOs, was accordingly the least able to maintain normal F-actin
levels.
Figure 3.21: Total and F-Actin levels in Rho KO cells. (A) Total actin levels were measured
via Western Blotting with tubulin as loading control. Graph shows arithmetic means and SEM
from at least three independent experiments. Data were normalized to WT levels and analyzed
with 1way ANOVA (p < 0.05). Western Blot of Rho double KOs is shown. (B) F-Actin intensi-
ties of Rho KO cells in direct comparison to NIH-3T3 WT cells were analyzed via CellTracker
and phalloidin stainings by Franziska Grüner (HZI, Braunschweig). Intensities of at least 60
cells per KO phenotype from at least two independent experiments were measured with Meta-
morph software. Measured intensity values were correlated with cell area shown in Figure 3.6.B.
Graphs show arithmetic means and SEM and data were analyzed with 1way ANOVA (p < 0.05).
Intensities were normalized to WT values. These experiments were performed with the help of
Franziska Grüner (HZI, Braunschweig).
Stress fiber formation was addressed by starving the cells in serum-free medium,
followed by a short stimulation with the addition of serum. The serum com-
ponent lysophosphatidic acid (LPA) is thought to lead to Rho activation and
thereby stress fiber formation [176]. In NIH-3T3 WT cells as well as all single
KO cells, starvation led to a reduction of stress fibers, whereas serum stimula-
tion induced stress fibers, which were localized mainly at the cell border (see
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Figure 3.22). This effect was less dramatic in RhoA KO cells, in which stress
fiber formation at the cell border upon serum stimulation was much weaker.
Figure 3.22: Serum stimulation in Rho single KOs. NIH-3T3 WT and Rho single KO cells were
starved with serum-free medium for 24 hours and subsequently stimulated with 10% FBS for 15
minutes. Cells were fixed and stained with phalloidin. This was performed at least once with
all singe KO clones. Scale bar depicts 50µm.
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The same experiment as described above was performed with Rho double KO
cells (see Figure 3.23). Similar phenotypes were observed, although the star-
vation effect on RhoAB KO cells appeared less dramatic since the cells show
reduced stress fiber formation already under control conditions. Serum stimu-
lation in RhoAC double KOs also lead to increased stress fiber formation, but
not predominantly at the border as in the other cell lines. Stress fiber formation
thereby shows impairment in the absence of RhoA, with the impact depending
on the presence of the other two Rho proteins.
Figure 3.23: Serum stimulation in Rho double KOs. Rho double KO cells were starved for
24 hours with serum-free medium and then stimulated with 10% FBS for 15 minutes. Subse-
quently, cells were fixed and stained with phalloidin. The experiments were performed at least
once with at least two clones per KO phenotype. Scale bar represents 50µm.
Stress fiber formation downstream of Rho is mediated via ROCK proteins 1 and
2 [177]. Therefore, ROCK1 and ROCK2 levels were also investigated. Microar-
ray analysis revealed a decrease of ROCK1 mRNA in RhoAB KO cells, the cell
type with the lowest amount of F-actin (see Figure 3.24.A). ROCK2 mRNA was
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increased in RhoA, RhoC and RhoAB KO cells. A moderate decrease was ob-
served in RhoB, RhoBC and RhoAC KO cells. Protein levels of ROCK1/ROCK2
combined were increased in all single KO cells (see Figure 3.24.B), with twice
as much protein in RhoB KO cells. The highest ROCK amounts were thereby
induced by high RhoA levels in the absence of RhoB and the presence of RhoC.
RhoAB and RhoAC KO cells showed a slight reduction of ROCK protein levels.
RhoB or RhoC alone could therefore not maintain normal ROCK levels.
Figure 3.24: ROCK levels in Rho KO cells. (A) ROCK mRNA levels were analyzed using
microarray data. Graphs show arithmetic means and SEM, normalized to WT control levels.
Significance values were calculated with unpaired t-test (p < 0.05). (B) Protein levels for ROCK1
and ROCK2 in Rho KO cells were analyzed via Western Blotting, where tubulin was used as
loading control. Western Blot for single KOs is shown. Graph depicts arithmetic means and SEM
from at least three independent experiments. 1way ANOVA was used to calculate significances
(p < 0.05).
Stress fiber formation and myosin II phosphorylation occurs not only down-
stream of Rho but also via Cdc42 and MRCK proteins [84]. Therefore, levels of
MRCK mRNA from microarray analysis were also evaluated (see Figure 3.25).
MRCKγ was not expressed in NIH-3T3 cells (data not shown). MRCKα mRNA
levels were reduced in RhoBC and RhoAC double KOs, while MRCKβ mRNA
was decreased to 60-70% in RhoB and RhoBC KO cells. These data reveal that
MRCKβ levels were decreased in cells with high RhoA levels in the absence of
RhoB.
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Figure 3.25: mRNA levels of MRCK in Rho KO cells. mRNA expression levels of MRCK
genes were analyzed via microarray for Rho KO cells. MRCKγ levels were below the detection
limit (data not shown). Graphs of MRCKα and MRCKβ depict arithmetic means and SEM,
normalized to NIH-3T3 WT levels. Unpaired t-test was used to analyze significance values (p <
0.05).
Stress fibers and contractility are closely associated with phosphorylation of
myosin II light chain downstream of ROCK and MRCK [178] [84]. First, localiza-
tion of myosin IIa and myosin IIb were investigated in Rho KO cells. Figure 3.26
shows how myosin IIa co-localizes with actin stress fibers also in Rho double KO
cells. The respective images of Rho single KO cells, not revealing any obvious
differences, are shown in Figure 6.8 (Supplements).
Myosin IIb localization is shown in Figure 3.27 for Rho single KOs. Even though
myosin IIb was in general more diffusely distributed in the cytoplasm, a co-
localization with actin stress fibers was clearly visible for all Rho KO cells. This
is true for single KOs as well as double KOs, the latter of which are shown in
the supplements in Figure 6.9.
In addition to myosin IIa and IIb localization, phosphorylated myosin light chain
was stained in all Rho KO cells. Figure 3.28 displays how pMLC2 localizes at
stress fibers also in Rho single KOs. The same stainings were also performed
with Rho double KOs (see Figure 3.29). Co-localization of pMLC2 and actin
stress fibers was clearly visible in all cell lines. Myosin localization, including
myosin IIa, myosin IIb and phosphorylated myosin light chain, was thereby un-
changed in the absence of one or two Rho proteins.
In addition to immunofluorescence stainings, Western Blotting revealed the level
of activated MLC in Rho KO cells (see Figure 3.30). Phosphorylation of MLC
was strongly enhanced in RhoB KO cells and also increased in RhoBC double
KO cells, namely in cells with high RhoA and low RhoB levels. In all other cell
lines, phosphorylation levels were similar NIH-3T3 WT cells.
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Figure 3.26: Localization of myosin IIa in double KOs. NIH-3T3 WT and Rho KO cells were
fixed and stained with phalloidin (green), myosin IIa antibody (red) and DAPI (blue). Figure
shows phalloidin, myosin IIa and the merged image with DAPI for double KO cells. Two clones
per KO condition were analyzed. Stainings of single KO cells are shown in Figure 6.8 (Suuple-
ments). Scale bar shows 50µm.
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Figure 3.27: Localization of myosin IIb in single KOs. Rho KO and NIH-3T3 WT cells were
fixed and stained with phalloidin (green), myosin IIb antibody (red) and DAPI (blue). This figure
shows phalloidin, myosin IIB and the merged image with DAPI for Rho single KO cells. Two
clones per KO phenotype were analyzed. Double KO cells, stained for myosin IIB, are shown in
Figure 6.9. Scale bar represents 50µm.
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Figure 3.28: Localization of pMLC in single KOs. NIH-3T3 WT and Rho single KOs were
fixed and subsequently stained with phalloidin (green), pMLC2 antibody (red) and DAPI (blue).
Figure shows single images for phalloidin and pMLC2 and then the merged image with DAPI.
At least one clone per KO phenotype was analyzed. Scale bar shows 50µm.
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Figure 3.29: Localization of pMLC double KOs. Staining of fixed Rho double KO cells was
performed with phalloidin (green), pMLC2 antibody (red) and DAPI (blue). Single images of
phalloidin and pMLC2 stainings are shown and followed by the merged images with DAPI. At
least one clone per KO phenotype was analyzed. Scale bar depicts 50µm.
Figure 3.30: Myosin light chain phosphorylation in Rho KO cells. pMLC2 levels were mea-
sured via Western Blotting of Rho KO cell lysates with GAPDH as loading control. Figure shows
Western Blot for single Rho KOs. Graph depicts arithmetic means and SEM of three indepen-
dent experiments with all data normalized to WT levels. 1way ANOVA was used to calculate
significance values (p < 0.05).
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One gene which showed dramatic changes at the mRNA level during microar-
ray analysis was ADF, a member of the Cofilin family, which contains proteins
responsible for actin depolymerization. Therefore, mRNA levels of Cofilin 1 and
Cofilin 2 were evaluated (see Figure 3.31). For Cofilin 1 and Cofilin 2, only mod-
erate changes were observed on mRNA level, such as a reduction of Cofilin 1
in RhoAC KOs or a decrease of Cofilin 2 in RhoBC KOs. RhoC KOs showed
moderate increase of both mRNAs, while the tendency for RhoA and RhoB sin-
gle KOs was a reduction of mRNA for both genes. On the other hand, ADF
mRNA levels were increased in all Rho KO cells, especially in RhoA and RhoC
single KOs. Compared to mRNA changes for other proteins analyzed so far, the
4-fold increase in RhoA KOs is much more dramatic. In NIH-3T3 WT cells, 77%
of Cofilin mRNA encode for Cofilin 1, 7% for Cofilin 2 and 16% for ADF (see
Figure 3.31.B).
Figure 3.31: mRNA levels of Cofilin in Rho KOs. (A) mRNA levels of Cofilin family genes were
analyzed according to microarray data of Rho KO cells. Graphs display arithmetic means with
SEM and data are normalized to WT levels. Significance values were calculated with unpaired
t-test (p < 0.05). (B) mRNA readout of Cofilin 1, Cofilin 2 and ADF in NIH-3T3 WT cells was
compared to analyze relative gene expression. Graph depicts arithmetic means with SEM and
unpaired t-test was used for calculation of significance values (p < 0.05).
Protein levels of Cofilin family members were analyzed via Western Blotting (see
Figure 3.32). Surprisingly, in contrast to mRNA levels, Cofilin 1 protein expres-
sion was increased in all cell lines except for RhoA KOs, though the differences
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were not significant. Phosphorylation and thereby inactivation of Cofilin 1 was
increased mainly in RhoB and RhoBC KO cells. This is thereby specific for situ-
ations with high RhoA and low RhoB levels. Correlation of Cofilin 1 phospho-
rylation to increased Cofilin 1 levels reveals that the amount of phosphorylated
and thereby inactivated Cofilin 1 is unchanged in most cases, with the exception
of RhoA KOs. Here, inactive Cofilin 1 levels increase further than total Cofilin 1
levels. Cofilin 2 was upregulated around 2-fold in Rho double KOs, but values
in single KOs resembled WT levels. ADF expression was increased 4-fold in Rho
double KOs and around 2-fold in RhoB and RhoC single KOs. The general up-
regulation of Cofilin family proteins in the absence of Rho suggests increased
actin depolymerization, potentially explaining decreased F-actin intensities de-
scribed earlier.
Figure 3.32: Protein levels of Cofilin family proteins in Rho KOs. Cell lysates of Rho KO clones
and NIH-3T3 WT cells were analyzed via Western Blotting with antibodies against Cofilin 1,
Cofilin 2, ADF and phosphorylated Cofilin 1. GAPDH was used as loading control. Western
Blot of ADF with Rho double KOs is shown. Graphs show arithmetic mean and SEM for at least
three independent experiments. The only exception is the graph for Cofilin 1 phosphorylation,
for which only two values for one RhoAC KO were used. All data were normalized to WT
levels and were analyzed with 1way ANOVA (p < 0.05). Data for Cofilin 1 showed no significant
changes.
Since Cofilin levels were increased upon deletion of Rho, the effects of Rho over-
expression in NIH-3T3 WT cells upon transfection with GFP constructs were
analyzed via Western Blotting. The results in Figure 3.33 surprisingly revealed
an increase of Cofilin family proteins when RhoA, RhoB or RhoC were over-
expressed in WT cells. Even though, no significant changes were observed and
levels of phosphorylated Cofilin 1 showed a moderate increase as well. Since
Cofilin levels increase upon Rho KO but do not decrease upon Rho overexpres-
sion, the correlation between Rho and Cofilin is probably indirect and involves
other factors, which are so far unknown.
WDR1, also called Aip1, was found to work together with Cofilin to depolymer-
ize actin filaments [179]. Therefore, WDR1 mRNA and protein levels were inves-
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tigated as well (see Figure 3.34). According to microarray data, WDR1 mRNA
levels were increased in RhoAB and RhoAC double KOs. Western Blotting re-
vealed an increase of protein expression in RhoBC and even more in RhoAC
double KOs. Depolymerizing activity by Cofilin family proteins was thereby
probably supported by WDR1 in the absence of Rho.
Figure 3.33: Cofilin levels upon Rho overexpression. Cofilin levels upon GFP-Rho overexpres-
sion in NIH-3T3 WT cells were analyzed via Western Blotting. GAPDH was used as loading
control. Graphs show arithmetic means and SEM from five independent experiments. Signif-
icance values were calculated with 1way ANOVA (p < 0.05), but results were not significantly
different.
Figure 3.34: WDR1 expression levels in Rho KOs. (A) WDR1 mRNA expression was investi-
gated via microarray analysis. Graph displays arithmetic means with SEM. All data were nor-
malized to WT levels and analyzed with unpaired t-test (p < 0.05). (B) Protein levels of WDR1
were analyzed via Western Blotting, which is shown for Rho double KOs in comparison to NIH-
3T3 WT. GAPDH was used as loading control. Graph shows arithmetic means and SEM from at
least three independent experiments. All data were normalized to WT levels and analyzed with
1way ANOVA (p < 0.05).
75
3 Results
Cofilin depolymerizes actin and lower F-actin levels could potentially be ex-
plained by increased Cofilin levels. The next experiments were set out to eval-
uate if Rho KO cells can generate more stress fibers if Cofilin is knocked down
via siRNA, which has been described previously under control conditions in
the presence of Rho [180]. Figure 3.35 depicts how protein levels of all three
Cofilin family members were reduced upon siRNA knockdown. Transfections
with all three siRNAs were performed on day 0, with a second transfection of
only Cofilin 2 siRNA on day 1. Without the second transfection, ADF levels de-
creased further but Cofilin 2 was strongly upregulated for compensation (data
not shown), which is the reason why the procedure with two transfections was
finally chosen.
Figure 3.35: Cofilin knockdown with siRNA. NIH-3T3 WT cells were transfected with 2.5µM
siRNA of Cofilin 1, Cofilin 2 and ADF one day after seeding and once again with 5µM Cofilin 2
siRNA the next day. Control cells were transfected with nuclease-free water instead of RNA. Cell
lysates were generated each day after the first transfection and analyzed via Western Blotting
with GAPDH as loading control. This exact experimental setup was performed once as a control
before immunofluorescence stainings were started.
Knockdown of Cofilin family proteins induced dramatic stress fiber formation,
increased cell size and increased and deformed nuclei (see Figure 3.36). To dis-
sect if generation of stress fibers, under control conditions as well as upon Cofilin
knockdown, arises by ROCK activation downstream of Rho or MRCK activation
downstream of Cdc42, all cell lines were treated with small molecule inhibitors
diminishing Rho proteins (Rhosin), ROCK (Y-27632), myosin II (Blebbistatin) or
MRCK (BDP5290).
Figure 3.36 displays the effect of Cofilin knockdown in combination with vari-
ous inhibitors of the stress fiber signaling pathways on NIH-3T3 WT cells. Under
control conditions without Cofilin knockdown, Rho inhibition, ROCK inhibition,
myosin II inhibition as well as MRCK inhibition all strongly reduce stress fibers.
The strongest reductions are observed when ROCK or myosin II are inhibited,
while MRCK and Rho inhibition yielded many dead cells, but also cells express-
ing still a few stress fibers. Starvation in serum-free medium, which was in-
cluded since the inhibitor Rhosin has to be used in serum-free medium, showed
a much weaker reduction of stress fibers than the inhibitors.
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Upon Cofilin knockdown, reduction of stress fiber formation by using the differ-
ent inhibitors was very subtle and no inhibitor was able to diminish the massive
stress fiber formation that was triggered by Cofilin siRNA. A few cells with nor-
mal stress fiber amounts were observed, but this was also the case after Cofilin
siRNA without further inhibitor treatment, since not every single cell was af-
fected as strongly by the knockdown.
Similar results could be observed for RhoA KO cells (see Figure 3.37), as well as
for RhoB, RhoC and RhoBC KOs (Supplements, see Figures 6.10, 6.11 and 6.12).
Inhibitor treatments for ROCK and myosin II were very efficient in the reduction
of stress fibers under control conditions but only worked partially in the Cofilin
knockdown environment, where also the KO cells showed dramatic stress fiber
formation and increased cell and nuclear size.
In RhoAB KO cells (see Figure 3.38), showing the lowest stress fiber amount of all
cell lines in this study, the results were slightly different. Here, Rho and MRCK
inhibitors affected the actin cytoskeleton stronger than ROCK and myosin II in-
hibitors under control conditions. Cofilin knockdown also induced stress fibers
in these cells, however the effect was much less dramatic. Again, inhibition
of the stress fiber signaling pathway only partially affected cells treated with
Cofilin siRNA.
Also in RhoAC double KO cells, results were comparable to NIH-3T3 WT ef-
fects (see Figure 3.39). Again, ROCK and myosin II inhibition had the strongest
impact under control conditions and Cofilin knockdown led to a similar mas-
sive stress fiber formation. Upon Cofilin knockdown in RhoAC double KO cells,
myosin II inhibition was the only way to at least partially reduce stress fiber
formation in some cells.
Taken together, Cofilin knockdown induces dramatic stress fiber formation, even
in the absence of one or two Rho proteins. Since inhibitors of Rho, ROCK, MRCK
or myosin II only partially diminished this effect, stress fibers were probably
generated by both signaling pathways, mediated by ROCK as well as MRCK.
The final analysis considering stress fiber formation via Rho proteins included
constitutive Rho activation by the toxin CNFy from Y. pseudotuberculosis. NIH-
3T3 WT and Rho double KO cells, each of the latter expressing only one of
the three Rho proteins, were treated with CNFy. Figure 3.40 shows stress fiber
formation in all cases. RhoBC and RhoAC double KOs as well as NIH-3T3
WT cells already contain many stress fibers under control conditions, so that
the effect is rather subtle. On the other hand, the change in RhoAB double
KOs, expressing only RhoC, is dramatic. Many stress fiber bundles are formed
upon CNFy treatment, whereas particularly these cell lines show only a very
low amount of stress fibers in the control status. These data suggest that RhoC,
when constitutively active, is able to induce stress fiber formation even in the
absence of RhoA and RhoB.
77
3 Results
Figure 3.36: Cofilin knockdown in NIH-3T3 WT cells. NIH-3T3 WT cells were treated with
2.5µM of Cofilin 1, Cofilin 2 and ADF siRNA one day after seeding of cells and again with 5µM
Cofilin 2 siRNA one day later. Two days after that, cells were treated with various inhibitors
or serum-free medium for 1 hour before fixation. Inhibitors were 200µM Rhosin to inhibit Rho
proteins, 50µM Y-27632 to inhibit ROCK, 120µM Blebbistatin inhibiting myosin II and 20µM
BDP5290 to inhibit MRCK. Subsequently, cells were fixed and stained with phalloidin (green)
and DAPI (blue). These experiments were performed twice independently. Merged images are
shown. Scale bar represents 50µm.
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Figure 3.37: Cofilin knockdown in RhoA KOs. RhoA KO cells were seeded into 24 well plates
and transfected with 2.5µM of Cofilin 1, Cofilin 2 and ADF siRNA the next day. One day later,
they were again transfected with 5µM Cofilin 2 siRNA. Two days after the second transfection,
cells were treated with various inhibitors or serum-free medium for 1 hour before fixation. Used
inhibitors were 200µM Rhosin to inhibit Rho proteins, 50µM Y-27632 to inhibit ROCK, 120µM
Blebbistatin inhibiting myosin II and 20µM BDP5290 to inhibit MRCK. Finally, cells were fixed
and stained with phalloidin (green) and DAPI (blue). Figure shows merged images. Two clones
were included in the analysis. Scale bar equals 50µm.
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Figure 3.38: Cofilin knockdown in RhoAB KOs. In RhoAB double KO cells, Cofilin 1, Cofilin 2
and ADF were knocked down with 2.5µM siRNA one day after seeding of cells and again with
5µM Cofilin 2 siRNA one day after that. Two days later, transfected cells were treated with
various inhibitors or serum-free medium for 1 hour before fixation. Inhibitors were 200µM
Rhosin to inhibit Rho proteins, 50µM Y-27632 inhibiting ROCK, 120µM Blebbistatin to inhibit
myosin II and 20µM BDP5290 inhibiting MRCK. After inhibitor treatment, cells were fixed and
stained with phalloidin (green) and DAPI (blue). Only merged images are shown. Two KO
clones were analyzed. Scale bar displays 50µm.
80
3 Results
Figure 3.39: Cofilin knockdown in RhoAC KOs. RhoAC double KO cells were treated with
2.5µM of Cofilin 1, Cofilin 2 and ADF siRNA one day after seeding of cells and again with
5µM Cofilin 2 siRNA one day later. Two days after the second transfection, cells were treated
with various inhibitors or serum-free medium for 1 hour before fixation. Inhibitors were 200µM
Rhosin to inhibit Rho proteins, 50µM Y-27632 inhibiting ROCK, 120µM Blebbistatin to inhibit
myosin II and 20µM BDP5290 inhibiting MRCK. Afterwards, cells were fixed and stained with
phalloidin (green) and DAPI (blue). Figure displays merged images. Both RhoAC KO clones
were analyzed. Scale bar shows 50µm.
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Figure 3.40: Stress fiber induction with CNFy. NIH-3T3 and Rho double KO cells were treated
with 150 nm CNFy for 4 hours. Subsequently, they were fixed and stained with phalloidin
(green) and DAPI (blue). Only merged images are shown, of which two examples are displayed
for CNFy treated cells. All double KO clones were analyzed once. Scale bar represents 50µm.
82
3 Results
3.4 Bacterial and viral infections in RhoA-, RhoB-,
and RhoC-KO cells
3.4.1 Invasion of Salmonella enterica serovar Typhimurium in
Rho KO cells
Complementary to small molecule inhibitor experiments (see chapter 3.1), CRIS-
PR-Cas9 mediated Rho KO cells were assessed during S. Typhimurium invasion.
The generated Rho KO cells were infected with S. Typhimurium WT for 30 min-
utes, followed by a 30 minutes gentamycin treatment to kill extracellular bacte-
ria, so that invaded bacteria could be analyzed specifically.
Results are depicted in Figure 3.41. Besides RhoB single KOs, invasion was de-
creased in all Rho KO clones. RhoA single KO had the strongest impact and
reduced invasion to 40%. Interestingly, RhoBC double KOs, expressing only
RhoA, showed the lowest reduction. Bacteria still invaded at a rate of 90% com-
pared to NIH-3T3 WT levels. Invasion in RhoAC KOs showed similar results
with rates of 80%. In cells expressing only RhoC, namely RhoAB KOs, but also
RhoC single KOs, invasion rates were around 60%. Taken together, a deletion of
RhoA had the biggest impact on S. Typhimurium invasion, whereas RhoB did
not reveal an obvious function during bacterial uptake.
Figure 3.41: Invasion of S. Typhimurium WT in Rho KO cells. NIH-3T3 WT and Rho KO
cells were infected with S. Typhimurium WT for 30 minutes. Gentamycin was used to kill
extracellular bacteria for additional 30 minutes. Cells were lyzed with Triton-X 100 and bacteria
were diluted and plated on agar LB plates. Bars represent arithmetic means with SEM from
pooled clones and at least 3 independent experiments per clone. Data were normalized to NIH-
3T3 WT levels. Significances were calculated with unpaired t-test (p < 0.05).
S. Typhimurium infection induces membrane ruffles for bacterial uptake, which
are mediated by Rac activation [124]. Since Rho KO cells should still be able to
form ruffles, this was verified in all single KOs by immunofluorescence. Cells
were infected for 30 minutes with S. Typhimurium WT and subsequently fixed
and stained with DAPI and phalloidin. Formation of membrane ruffles on bac-
terial infection sites could be observed for all cell lines. Figure 3.42 shows NIH-
3T3 WT and RhoA KO. Thereby, the invasion deficiencies described above are
not due to diminished membrane ruffling.
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Figure 3.42: S. Typhimurium WT induces membrane ruffles in Rho KO cells. NIH-3T3 WT
and RhoA KO cells were infected with S. Typhimurium WT for 30 minutes. Cells were fixed
and stained with phalloidin (green) and DAPI (red). Scale bar represents 50µm. The same ex-
periment was performed with RhoB and RhoC KOs, but only RhoA is shown here. Experiments
were performed twice with all single KO clones. Left panel = uninfected cells. Right panel =
cells infected with S. Typhimurium WT.
In addition to S. Typhimurium WT, mutants lacking virulence factors which
were shown to be involved in bacterial invasion were used for infection of Rho
single KO clones and NIH-3T3 WT. Cells were accordingly infected for 30 min-
utes with S. Typhimurium ∆SopB, S. Typhimurium ∆SopE/SopE2 and S. Ty-
phimurium ∆SopB/SopE/SopE2. SopE and SopE2 act as GEFs and activate
Rac and/or Cdc42 [124] [129]. SopB is a phosphatase, indirectly regulating the
actin cytoskeleton, which was shown to be involved in the Rho associated in-
vasion pathway of S. Typhimurium [136]. Extracellular bacteria were killed by
gentamycin treatment for additional 30 minutes to specifically analyze invaded
bacteria.
Figure 3.43 shows the respective results. Invasion of S. Typhimurium WT was
used as control and all other data were normalized to its values. S. Typhimurium
∆SopB/SopE/SopE2 was used as negative control and showed invasion rates
below 5% in all experimental setups. In all cell lines, NIH-3T3 WT as well as
all single Rho KO clones, S. Typhimurium ∆SopB invaded at rates around 40%
but still better than S. Typhimurium ∆SopE/SopE2, which showed only around
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20% invasion. This suggests that bacteria unable to use the Rho pathway, namely
∆SopB mutants, are less affected by Rho KOs than bacteria depending mostly
on the Rho pathway, namely bacteria expressing only SopB and not SopE and
SopE2.
Figure 3.43: Invasion of S. Typhimurium mutants in Rho KO cells. NIH-3T3 WT and single
Rho KO cells were infected with S. Typhimurium WT and mutants lacking effectors involved in
bacterial uptake, namely SopB, SopE and/or SopE2, for 30 minutes. Gentamycin was used to
get rid of extracellular bacteria for additional 30 minutes. Cells were lyzed with Triton-X 100
and bacteria were diluted and plated on LB agar plates. Graphs show pooled results from at
least three independent experiments each and display arithmetic means with SEM. Data were
normalized to S. Typhimurium WT levels. Significances were calculated with unpaired t-test (p
< 0.05).
RhoB KO did not lead to decreased invasion of S. Typhimurium WT as seen in
Figure 3.41. Since RhoB, in contrast to RhoA and RhoC, is involved in endosomal
trafficking [61], an experiment was set up to analyze RhoB levels during later
stages of infection, when the bacteria replicate in the SCV. Therefore, NIH-3T3
WT cells were infected with S. Typhimurium WT or S. Typhimurium ∆SopB,
since SopB was shown to be involved in Rho activation at least during earlier
time points [136], and SDS samples were taken briefly before infection and then
every hour for up to 6 hours. Samples were analyzed via Western Blotting with
RhoA, RhoB and RhoC antibodies. Figure 3.44 shows strong upregulation of
RhoB upon infection with WT bacteria. This was depending on SopB, since the
respective mutant did not lead to an increase in RhoB levels. RhoA and RhoC
levels only showed a moderate increase over 6 hours compared to RhoB levels.
These data indeed suggest a specific role for RhoB during intracellular survival
of bacteria instead of the invasion process.
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Figure 3.44: Infection with S. Typhimurium WT increases RhoB protein levels. NIH-3T3 WT
cells were infected with S. Typhimurium WT or S. Typhimurium ∆SopB. Gentamycin was added
after 30 minutes. Right before infection and 1− 6 hours after infection, cells were lyzed in 4x
SDS sample buffer. (A) Western Blotting was performed using RhoB antibody and GAPDH
as loading control. (B) Western Blots were also performed with RhoA and RhoC antibodies.
Quantifications from at least four independent experiments were pooled and are depicted in the
graphs. The basal level before infection was set as 1 and all other data were normalized to this
control.
To analyze if the increase of RhoB during S. Typhimurium WT infection is regu-
lated at the RNA or the protein level, RNA was isolated during infection and
qPCR was performed with primers for RhoB by Silvia Prettin (HZI, Braun-
schweig). Figure 3.45 shows that indeed RhoB mRNA levels increased strongly
right after bacterial invasion and then stayed at a two-fold increased level over
at least 5 hours. Upregulated RhoB levels were therefore at least partially due to
increased mRNA expression.
Figure 3.45: RhoB mRNA levels during S. Typhimurium WT infection. NIH-3T3 WT cells
were infected with S. Typhimurium WT and gentamycin was added after 30 minutes. RNA
was isolated right before infection and 1-6 hours afterwards. qPCR was performed with RhoB
primers by Silvia Prettin (HZI, Braunschweig). Graph displays arithmetic means with SEM from
three independent experiments.
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It was previously suggested that SopB plays a role in the activation of Akt signal-
ing [181]. Akt signaling influences many cellular processes such as proliferation,
cell survival and migration [182]. Since SopB was responsible for the increase of
RhoB levels, it was further analyzed if Akt phosphorylation was also changed
upon S. Typhimurium infection. First, basal Akt levels in Rho KO cells were
investigated.
Figure 3.46.A shows that mRNA levels of Akt are only slightly changed in Rho
KO cells. Akt1 mRNA levels are decreased in RhoB KOs, whereas they are in-
creased in RhoAB KOs. Akt2 mRNA levels are also decreased in RhoB KOs,
whereas an increase was detected in RhoA and RhoAC KOs, both containing
high RhoB protein amounts. Akt3 mRNA is only increased in cells expressing
only RhoB. These results were obtained via microarray analysis. Akt phospho-
rylation was analyzed via Western Blotting of Rho KO cell lysates. A slight
increase was observed in all Rho KOs, surprisingly with the strongest difference
in RhoC KOs, with almost three times more phosphorylated Akt (Figure 3.46.B).
Even though mRNA and protein levels showed some differences, a tendency to-
wards increased Akt activity was observed in Rho KO cells.
As described above, lysates were obtained from NIH-3T3 cells infected for 6 hours
with S. Typhimurium WT and S. Typhimurium ∆SopB. Western Blotting with
phospho-Akt antibody revealed an increase in phosphorylation 1 hour after in-
fection, which then decreased back to control levels. This effect was visible for
both bacterial strains, but the increase was slightly higher when cells were in-
fected with WT bacteria (see Figure 3.46). Akt is thereby probably involved in
the initial invasion process but does not seem to be completely dependent on
SopB.
Since data from Figure 3.44 point towards a role for RhoB in later stages of S.
Typhimurium infections, replication of bacteria in RhoB KO cells was analyzed
and compared to NIH-3T3 WT cells. For that purpose, cells were infected with
S. Typhimurium WT and S. Typhimurium ∆SopB for 6 hours. Gentamycin was
added after 30 minutes to constrain replication of extracellular bacteria. Results
are shown in Figure 3.47. Even though bacterial load after 1 hour post infec-
tion (p.i.) is unchanged in comparison to NIH-3T3 WT cells (see Figure 3.41), a
reduction of 35% can be detected after 6 hours. S. Typhimurium ∆SopB levels
were below 3% after 6 hours, in NIH-3T3 WT and RhoB KO cells, compared to
WT control levels. This suggests not only a role for SopB in the invasion process
but also during intracellular replication and survival, whereas RhoB seems to be
specifically involved in the latter.
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Figure 3.46: Akt phosphorylation in Rho KOs and NIH-3T3 WT upon S. Typhimurium in-
fection. (A) mRNA levels of Akt1, Akt2 and Akt3 were measured via microarray analysis and
normalized to NIH-3T3 WT levels. Unpaired t-test was used to calculate significances (p < 0.05).
(B) NIH-3T3 WT and Rho KO cells were lyzed and subsequently analyzed via Western Blot-
ting with phospho-Akt antibody and GAPDH as loading control. Graph shows quantifications
from four independent experiments. Data were normalized to NIH-3T3 WT levels. Significances
were calculated with 1way ANOVA (p < 0.05). (C) NIH-3T3 WT cells were infected with S.
Typhimurium WT or S. Typhimurium ∆SopB. Right before infection and 1− 6 hours after in-
fection, cells were lyzed in 4x SDS sample buffer. Lysates were analyzed via Western Blotting
with phospho-Akt antibody and GAPDH as loading control. Graphs show data from three
independent experiments. All data were normalized to control levels before infection.
Figure 3.47: Long-term infection with S. Typhimurium in RhoB KOs. NIH-3T3 WT and RhoB
KO cells were infected with S. Typhimurium WT and S. Typhimurium ∆SopB. After 30 minutes,
gentamycin was added to kill extracellular bacteria. 6 hours p.i. cells were lyzed and bacterial
load was analyzed. Graph shows arithmetic means and SEM from four independent experiments
for S. Typhimurium WT and three experiments for S. Typhimurium ∆SopB. Unpaired t-test was
used for calculation of significances (p < 0.05). All data were normalized to WT/control levels.
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3.4.2 Invasion of Shigella ﬂexneri in Rho KO cells
Following invasion experiments of S. flexneri WT in context with Rho inhibition
(see chapter 3.1), infection experiments were also performed in Rho KO cells.
Cells were infected for 30 minutes, followed by a 30 minutes gentamycin treat-
ment to kill extracellular bacteria and specifically analyze invaded bacteria. As
shown in Figure 3.48, all combinations of Rho KO led to significantly reduced
bacterial invasion. Deletion of RhoA alone and in combination with RhoB de-
creased invasion to 20%. The weakest effects on invasion rates were observed
in RhoB and RhoBC KO cells, where 70% invasion, compared to NIH-3T3 WT
levels, were achieved. 60% invasion were observed for RhoC KOs and 50% for
RhoAC double KOs. Of the three Rho proteins, RhoA seems to affect invasion
of S. flexneri the strongest, compared to RhoB and RhoC.
Figure 3.48: Invasion of S. flexneri in Rho KO cells. NIH-3T3 WT and Rho KO cells were
infected with S. flexneri WT for 30 minutes. Gentamycin was used to get rid of extracellular
bacteria for additional 30 minutes. Cells were lyzed with Triton-X 100 and bacteria were diluted
and plated on TSB agar plates. Data show pooled arithmetic means and SEM from at least
three independent experiments per clone. All results were normalized to NIH-3T3 WT levels.
Unpaired t-test was used to calculate significances (p < 0.05).
Subsequently it was analyzed, if actin tail formation, induced by the virulence
factor IcsA [143], as well as membrane ruffling, mediated by Rac signaling [146],
were still observed upon S. flexneri WT infection in the absence of Rho. There-
fore, NIH-3T3 WT and Rho single KO cells were infected with WT bacteria for
30 minutes and subsequently fixed and stained with DAPI and phalloidin. Ruf-
fling and actin tails could be observed in all cell lines. NIH-3T3 WT and RhoA
KO are shown in Figure 3.49. This confirmed that the reduction of bacterial
invasion upon Rho KO is independent of Rac-induced membrane ruffling and
intercellular spread is probably also not affected, since the role of Rho proteins
in S. flexneri infection is specifically involved in the uptake process.
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Figure 3.49: S. flexneri induces actin tails and membrane ruffles also in Rho KO cells. NIH-3T3
WT and RhoA KO cells were infected with S. flexneri WT for 30 minutes. Cells were fixed and
stained with phalloidin (green) and DAPI (red). This was performed twice with all single KO
clones, whereas only RhoA KO is shown as an example. (A) Uninfected cells. (B) Infection with
S. flexneri WT inducing membrane ruffles. (C) Actin tails generated by S. flexneri WT. Scale bar
represents 50µm.
3.4.3 RSV infection in Rho KO cells
Implications of Rho GTPases and the actin cytoskeleton in the infection process
of respiratory syncytial virus (RSV) have been described previously [160] [161].
While RhoA was shown to be involved in syncytium formation and cell fusion,
the roles of RhoB and RhoC were neglected in this study [160]. Due to RhoBs in-
volvement in endosomal trafficking [61], which could be important for the trans-
port of viral components in the cell, and the already mentioned role of RhoA for
RSV, RhoAB double KO clones were analyzed by Svenja Wiechert in the group
of Prof. Dr. Thomas Pietschmann (Twincore, Hannover) in the context of RSV
infections. The cells were infected with mCherry-tagged virus and the potential
increase of mCherry-labeled cells was analyzed 18, 24, 48 and 72 hours p.i. via
FACS analysis. The viral strain used for these experiments was HRSV subgroup
A, strain Long [183]. The results of these experiments are displayed in Figure
3.50. The data clearly show that following infection, the amount of RSV-infected
cells increases in NIH-3T3 WT cells, whereas it stagnates in RhoAB double KOs.
Since RhoA was shown to be involved in cell fusions mediated by RSV [159],
while RhoB and RhoC were not analyzed, all Rho KO cells, as well as NIH-3T3
WT, were transfected with the viral fusion protein RSV-F for 24 hours. Im-
munofluorescence stainings of the cells are depicted in Figure 3.51. Several phe-
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notypical changes could be observed upon RSV-F transfection. Virus filaments
budding from the cells were detectable, as well as cell fusions, noticeable by
multiple nuclei per cell. In addition, some transfected cells revealed RSV-F ac-
cumulations in the perinuclear area. Most of these structural changes appeared
in all cell lines tested, while particularly cell fusions were hardly detectable in
RhoA and RhoAB KO cells and less frequent in RhoAC KO cells. Also, the
accumulations in the perinuclear area seemed to appear more often in RhoA,
RhoB and RhoAB KOs. Due to time constraints, data were not quantified. How-
ever, these experiments support the proposed role for RhoA in RSV-F induced
cell fusions and suggest a role for RhoB in intracellular transport of the RSV-F
protein.
Figure 3.50: RSV spreading in RhoAB KO cells. NIH-3T3 WT and RhoAB double KO cells were
infected with mCherry-tagged RSV and the percentage of mCherry-positive cells was measured
after 18, 24, 48 and 72 hours via FACS analysis. These experiments were performed by Svenja
Wiechert in the group of Prof. Dr. Thomas Pietschmann at the Twincore in Hannover.
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Figure 3.51: RSV-F induces cell fusion dependent on RhoA. NIH-3T3 WT and Rho KO cells
were transfected with RSV-F or the respective control plasmid for 24 hours. Cells were fixed,
permeabilized and stained with RSV-F antibody (green), phalloidin (red) and DAPI (blue). Single
and merged channels are shown for NIH-3T3 WT transfected with RSV-F, whereas only the
merged images are depicted for Rho KOs and the mock control. White arrows label virus
filaments (NIH-3T3 WT), perinuclear accumulations (RhoA KO) and cell fusions (RhoBC KO).
The experiment was performed with two clones per KO. The scale bar represents 50µm.
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4.1 CRISPR/Cas9 mediated KO of RhoA, RhoB
and RhoC
To dissect the roles of the three Rho proteins during various processes, this study
was set out to generate KO cell lines for RhoA, RhoB and RhoC. As described
in chapter 3.2, CRISPR/Cas9 mediated KO of Rho proteins yielding single KO
cell lines was successfully done. Generation of double KO clones revealed the
first difficulties, which turned out to be even more dramatic when KO of all
three proteins was assessed. Most of the isolated single cells did not proliferate
to establish stable cell lines. It was very ineffective to generate double KO cells
when RhoA was the protein that was deleted first, with clone A3B6 being the
only positive cell line derived. The same phenomenon as with potential triple
KOs appeared: sorted KO cells only divided a few more times and subsequently
died.
The role of RhoA in cell division has been analyzed previously and is thought to
be essential for successful cytokinesis [184]. RhoB and RhoC can, as proven by
the generation of dividing KO cell lines, substitute for RhoA in this process, yet
at least one of the three is obviously essential for the division process since Rho
triple KO cells did not proliferate. Also cells lacking RhoA proliferate slower
in cell culture, which shows that the compensation via RhoB or RhoC is less
efficient than RhoA. Sorted triple KO clones probably still contained low num-
bers of remaining Rho proteins and could therefore divide a few times but then
failed to do so as soon as the previously expressed protein was degraded and
no new protein was expressed. Considering the difficulties of double KO gen-
eration upon initial RhoA depletion, a reason could be that RhoA KO changed
the regulation in the cells in a way that they were strongly depending on RhoB
and RhoC to compensate. Additional deletion of one of the compensating fac-
tors was then not tolerable anymore. Initial deletion of RhoB or RhoC therefore
probably had less dramatic effects on regulation in the fibroblasts. Microarray
analysis (discussed in chapter 4.2.2) confirmed that gene regulation was indeed
only mildly affected upon RhoC KO (see Figure 3.10). Interestingly, RhoA as
well as RhoB KO both induced strong changes. It still remains to be elucidated
which genes are specifically involved in the compensation of a RhoA KO and
are essential for the described phenomenon. So far there are no studies on the
functionality of RhoB or RhoC during cytokinesis.
In contrast, Königs et al. analyzed cells lacking all three Rho proteins [185]. This
study was done with macrophages, in which RhoA and RhoB were deleted,
while RhoC was not expressed in this cell type. Macrophages, in contrast to
the immortalized fibroblast cell lines used in this study, are post-mitotic and
therefore do not divide anymore. During differentiation of precurser cells to
terminally differentiated macrophages, the growth factor that stimulates prolif-
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eration is specifically degraded [186]. This explains why the problem occurring
during triple KO generation in fibroblasts does not apply to the situation in
macrophages. A study by Melendez et al. investigated primary mouse embry-
onic fibroblasts in which RhoA was depleted using Cre-Lox recombination. In
this case, RhoA KO cells stopped proliferation after 24 hours, even though RhoB
and RhoC were expressed and upregulated, which led the authors to the con-
clusion that RhoA is absolutely essential for cell division [187]. It is well known
that survival and proliferation of primary cells are extremely sensitive to cul-
ture medium components and incubation conditions [188]. Since transformed
cell lines such as NIH-3T3 cells are more robust in this context than primary
cells, this would explain why NIH-3T3 cells can proliferate without RhoA. The
conclusion could be that RhoB and RhoC have the potential to partially compen-
sate for RhoA during cell division, but only under specific growth conditions.
Therefore this study offers, in contrast to many others, the chance to analyze
cells in the absence of RhoA continuously and furthermore provides cell lines
expressing only one of the three Rho proteins. On the other hand, these data
reveal a significant difference between in vitro studies and the usage of primary
cells, thereby suggesting that RhoA might indeed be essential for cell division in
vivo. Knockout mice for RhoB or RhoC exist and are viable [189] [190], whereas
knockout mice for RhoA only exist with the deletion being restricted to a certain
cell type, for instance keranocytes [191], which confirms the essential role for
RhoA.
Alternative mechanisms to analyze cells in the absence of all Rho proteins are
knockdown of the third one or over-expression of Citron kinase, which is hy-
pothesized to regulate RhoA during cytokinesis [106]. This might however, at
least in the latter case, lead to unknown side effects and render potential results
not very reliable. Knockdown of the third protein would only reduce protein
levels but could not abolish them completely, since one Rho protein seems to
be essential for cellular survival. Therefore, the results would only give vague
tendencies.
4.2 Cellular characteristics of Rho KO cells
Rho KO cells revealed a strong upregulation of the respective other Rho proteins,
except for RhoC in RhoA and RhoB single KOs, see Figure 3.13. Even though
the details concerning Rho protein levels and their connection with regulation
via GDIs will be discussed in detail later in chapter 4.2.2, this information needs
to be kept in mind and will be referred to in the following discussions.
4.2.1 Morphology of Rho KO cells
Initial experiments were set out to measure volume and area of Rho KO cells.
Cellular volume was decreased in RhoB KO cells and increased in RhoAC dou-
ble KOs, expressing only RhoB (see Figure 3.6.A). The cellular area was only
increased in RhoA, RhoAB and RhoBC KO cells (see Figure 3.6.B). It can thereby
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be concluded that RhoB KO cells are flat, whereas cells expressing only RhoB
are thicker compared to WT cells. In both cases, the size of the cellular area was
unchanged. RhoA, RhoAB and RhoBC KO cells are larger without an increase
in volume, which also leads to a flat phenotype. Cellular volume and spread
are connected with adhesion to the substrate and actomyosin contractility [192].
RhoAC KO cells, expressing only RhoB, are therefore probably not able to in-
duce strong contractility, which is why their volume increases. Cells expressing
either only RhoC or only RhoA, which get larger without an increase in volume,
thereby flatten out and show low contractility. If on the other hand RhoA and
RhoC are both expressed (in RhoB KOs), contractility in the cell seems to be
increased, since the cells get thinner without changing the size of their surface
area. A possible conclusion from these data would be that RhoA, in contrast to
RhoB, induces contractility, but much more efficient in the presence of RhoC.
The area of nuclei was slightly decreased in RhoA KO cells and increased in
RhoBC KOs (see Figure 3.7.A). In the case of the latter, this is in line with the en-
larged cellular area. RhoA KO cells are larger with smaller nuclei, which could
be explained by an increased number of nuclei per cell, see Figure 3.7.B. Count-
ing of nuclei per cell revealed a strong correlation between RhoA, cell division
and multinucleated cells (see Figure 3.7.B). Cells with three or more nuclei were
only observed in the absence of RhoA, in single as well as double KOs. These
are the same cell lines which were observed to grow slower in cell culture. As
described in chapter 4.1, RhoA is known to play an important role during cell
division [184]. Non-functional cytokinesis can be a reason for multinucleation of
cells [193]. RhoA has been shown to be involved in the abscission process during
cytokinesis [106], which explains the present data, even though the mechanism
of cytokinesis in the absence of RhoA and presence of RhoB and/or RhoC still
remains to be understood.
During FACS analysis of Rho KO cells, not only cellular volume was analyzed
but also granularity. This dataset revealed strong differences in the absence of
Rho proteins (see Figure 3.8.A). In RhoB KO cells, the percentage of cells catego-
rized as granular was decreased, whereas around ten times more granular cells
were found in the RhoAB and RhoAC populations. Increased granularity can
point towards processes such as senescence, apoptosis or autophagy [194]. The
two double KO cell types showing increased granularity also contained many
cells which were extremely large and had multiple nuclei, which was frequently
observed during various immunofluorescence analyses. These could be signs of
senescence and growth arrest [195]. Senescence can be induced by high activi-
ties of tumor suppressors, which is also the reason why cancer cells proliferate
efficiently in the absence of these proteins [196]. Both double KO cell lines grew
slower than WT cells in cell culture and for instance in RhoAC double KOs,
RhoB as the only Rho protein was strongly upregulated and was shown to be
a tumor suppressor [197]. This would also explain decreased granularity in
RhoB KO cells. In addition, data of this study point towards important roles
for RhoA and RhoB during cellular processes, whereas the role of RhoC might
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only be indirect, maybe through stimulation of RhoA. Concluding, RhoAB KO
cells, depending completely on RhoC, have an increased probability of promot-
ing apoptosis, thereby potentially justifying the high granularity levels.
Due to RhoBs involvement in endosomal trafficking and a connection between
granularity and RhoB, the Golgi apparatus was analyzed in relation to Rho pro-
tein levels (see Figure 3.8.B). Golgi structures of cells stained via immunoflu-
orescence were categorized as compact or dispersed. Both phenotypes were
observed in all cell lines. Nevertheless, a clear connection between RhoB levels
and Golgi structure was confirmed, see Figure 3.8. When RhoA levels were in-
creased in the absence of RhoB and the presence of RhoC, the Golgi was more
often compact (RhoB KOs). In RhoBC double KO cells, with high RhoA levels
in the absence of RhoC, the structure was similar to WT levels. If either only
RhoC was present (RhoAB KOs) or RhoA and RhoB at high levels (RhoC KO) a
tendency towards more dispersed Golgi structures could be observed. This ef-
fect became more evident in the absence of RhoA and had the biggest impact if
only RhoB was expressed (RhoAC KOs). Concluding, RhoB induces a dispersed
Golgi, whereas RhoA promotes compact Golgi structures. RhoA activity seems
to be supported by the presence of RhoC, which was not the case for RhoB. Also
RhoA and RhoB obviously displayed antagonistic activities. A previous study
investigated Golgi dynamics depending on RhoA [198]. The nomenclature of
phenotypes differed from this study, since their specification of dispersed meant
that the Golgi had many small fragments, which were thereby closer together
and resembled the phenotype named compact in this study. This was induced
via mDia1 downstream of RhoA and is thereby in line with the experimental
data from this project. Still, the exact roles for RhoA and RhoB concerning Golgi
structure and the downstream effectors involved in this mechanics need further
investigations.
Since RhoB was shown to be specifically involved in granularity and Golgi struc-
ture, analysis of RhoB effectors potentially involved in these processes pointed
towards Rhophilin 2. This protein was found to bind RhoB [199] and to be re-
cruited to late endosomes connected with RhoB activity [172]. Microarray anal-
ysis of Rhophilin 2 mRNA showed a significant upregulation upon increased
RhoB levels in the absence of RhoA (see Figure 3.11). RhoC KOs, expressing
high levels of RhoA as well as RhoB, revealed no difference in Rhophilin 2
mRNA regulation. In contrast, another study proposed binding of Rhophilin
2 to RhoA [200]. Nevertheless, in line with the results from Steuve et al. [172],
the mRNA levels upon Rho KO point towards a connection with RhoB activity,
which needs further analysis on protein level in the future.
Due to the well known involvement of Rho GTPases and the actin cytoskeleton
in cell migration, random migration analysis of Rho KO cells was performed,
see Figure 3.9.A. Velocity of all Rho KO cells was decreased, with the strongest
impact induced by RhoA single KO and only a mild decrease for RhoBC and
RhoAC KOs. Specific effectors and tasks have been proposed for the three pro-
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teins during migration [201]. RhoA acts through both ROCK proteins inducing
retraction of the cell rear. RhoC is especially needed for invasion of cancer cells,
whereas RhoB mediates adhesion to the ECM via regulation of integrins and fo-
cal adhesions. The strong defect in migration of RhoA KO cells could therefore
be due to inefficient retraction of the cell rear and strong adhesion to the current
cellular position, since RhoB is strongly upregulated in these cells. The second
slowest of single and double Rho KO cell lines tested here were RhoAB KOs,
which expressed only RhoC and were therefore potentially ineffective in inte-
grin mediated adhesion and retraction of the rear. Surprisingly, cells expressing
only RhoA or only RhoB, as well as RhoB KOs expressing RhoC and high RhoA
levels, migrated almost as fast as WT cells. As shown for instance in cancer cells,
in which RhoA is upregulated and RhoB levels are decreased, the two proteins
seem to be regulated antagonistically [56]. Therefore it is possible that their
specific functionality during cell migration is more efficient if the other one is
absent, whereas the presence of RhoC seems to increase efficiency for RhoA but
not RhoB.
Directionality was impaired in all cells except for RhoB KOs, expressing high
RhoA and normal RhoC levels (see Figure 3.9.A). It was shown that contractility
and integrin signaling affect directionality in an additive fashion [202]. Integrin
signaling was expected to be impaired in the absence of RhoB [203], but upreg-
ulated RhoA activity and thereby increased contractility might compensate the
effect.
As discussed above, deletion of RhoA had the strongest impact on velocity dur-
ing migration. Incubation of WT and RhoA KO cells in viscous medium, which
was performed to get an idea if cells lacking RhoA show a defect in force gen-
eration, decreased migration speed even stronger. The impact of increasing vis-
cosity was much more significant in the absence of RhoA than in the WT situ-
ation (see Figure 3.9.B). Migration of epithelial cells on a viscous substrate has
been linked to vinculin re-localizing away from focal adhesions and actomyosin
contractility [204]. Impairment of this process in the absence of RhoA can be
hypothesized but the details will have to be elucidated in further experiments.
Without RhoA the ability to move against the force of the viscous environment
seems to be diminished, which might be correlated with contractility defects.
4.2.2 Interactions and regulation of Rho proteins and GDIs
Microarray analysis of Rho KO cells revealed that RhoA and RhoB, in contrast
to RhoC, play important roles in gene regulation by acting antagonistically (see
Figure 3.10). Genes which were upregulated in the absence of RhoA, were down-
regulated in the absence of RhoB. Data from Rho double KOs pointed towards
a more important function for RhoA. RhoBC double KOs, in which RhoA is still
expressed, showed no dramatic changes compared to WT cells in the heat map.
If only RhoB was expressed, changes were observed antagonistically to RhoAB
double KOs with only RhoC expression. Taking the results for single and double
KOs together, the roles of RhoA and RhoC might correlate since both act antag-
onistically towards RhoB.
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Taking a closer look at the top 50 regulated genes, in particular for the single
KO analysis, the list included mainly proteins involved in cell proliferation, ad-
hesion to the ECM and vesicular trafficking. All these processes are known to be
regulated via the actin cytoskeleton and Rho GTPases. Examples are ribosomal
protein S6 kinase, involved in cell growth and proliferation [205], fibrillin-1, a
glycoprotein involved in ECM adhesion [206] and sorting nexin 6, involved in
vesicular trafficking [207].
One important experiment was to determine how RNA and protein levels of
the respective other Rho genes were regulated in the KO cell lines to analyze
potential compensatory effects. Interestingly, mRNA of the mutated genes was
not completely downregulated (see Figure 3.12.A), at least not for RhoB in dou-
ble KOs. A cellular mechanism, known as nonsense mediated decay, degrades
mRNA when premature stop codons are present, which was the case in the Rho
KO cell lines. This is hypothesized not to work properly if the gene contains no
introns [208], as found in the rhoB gene. This is probably the reason why RhoA
and RhoC mRNAs were decreased upon the respective KO, while RhoB mRNA
was not as dramatically. On the other hand, upregulation was only observed for
RhoB in RhoA and RhoAC KOs and for RhoC in RhoAB KOs, not for RhoA. As
reviewed by Nomikou et al., many proteins as well as micro-RNAs regulate gene
expression of rhoA, rhoB and rhoC and the possible combinations and implica-
tions are too complex to draw clear conclusions [209]. In addition to regulation
of gene expression by micro-RNAs and other proteins, it was also found that
high RhoA protein levels suppress transcription of the rhoB gene, pointing to-
wards close interactions of the rho genes and their respective proteins themselves
[210]. One micro-RNA was found to be strongly downregulated in all Rho KO
cells, which was miR-377 (see Figure 3.11). Interestingly, from what is known
so far, miR-377 is involved in the regulation of Rac, not Rho proteins. miR-377
inhibits T-cell lymphoma invasion and metastasis inducing protein (TIAM)1, a
GEF for Rac. The micro-RNA was classified as a tumor suppressor, inhibiting
cell proliferation [171] [211]. Downregulation of miR-377 in the absence of one
or two Rho proteins could thereby potentially increase Rac activity.
In addition, directly comparing microarray readouts revealed that much more
mRNA encoding for RhoC is present than for RhoA or RhoB (see Figure 3.12.B).
It would be important to know if this also correlates with protein levels, which
is why mass spectrometry should be performed to quantify and compare the
absolute protein amounts of RhoA, RhoB and RhoC.
What did correlate with RNA regulation was the increase of Rho protein levels,
in particular in double KOs with only one Rho protein left. Furthermore, RhoA
and RhoB were also upregulated in respective single KOs (see Figure 3.13.B).
Upregulation of RhoB upon silencing of RhoA and/or RhoC has been described
previously. It was shown that half-life of RhoB was increased under these con-
ditions and that this was somehow mediated by GDP-RhoA and the presence
of GDIα [212]. Increase of RhoA levels upon RhoB KO were also observed in
macrophages [185], whereas a mild upregulation of RhoC in RhoA KO cells was
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found in primary fibroblasts [187]. These compensatory effects have been ob-
served quite often, yet the mechanisms behind them need further clarification,
particularly in connection with GDIs. Also, RhoA was upregulated upon RhoC
overexpression and vice versa, which points towards a positive correlation be-
tween the two proteins (see Figure 3.18.C).
Activity of Rho proteins was analyzed with G-LISA kits, which were supposed
to only recognize RhoA. This was disproved by the usage of cell lines lacking
RhoA, which led to signals close to WT levels (see Figure 3.14). However, it
is not known if the affinities to the three GTPases are comparable, so that the
experiments only provide a tendency. This tendency shows increased activity in
cell lines expressing high RhoA levels in the absence of RhoB, namely RhoB and
RhoBC KOs. The experiments showed higher signals for RhoBC KOs, in which
RhoA is the only Rho protein. Other results from this study suggest higher
RhoA activities in the presence of RhoC. In this case, the difference could be
due to the experimental setup, in which RhoC somehow manipulates the signal
outcome of the assay, since its specificity is not as indicated. Rho activity is de-
creased in RhoC KOs, where RhoA and RhoB are upregulated and potentially
inhibit each other.
Upregulation of Rho proteins raises the question of regulation by GDIs, since
the excessive amount of protein needs to be protected from degradation. GDIγ
mRNA levels were below the detection limit. GDIα was not regulated on mRNA
level, whereas GDIβ was downregulated in Rho double KOs (see Figure 3.16.A).
In addition it was observed that WT cells contain twice as much GDIα mRNA
than GDIβ mRNA (see Figure 3.16.B). Again, it should be addressed how protein
levels compare to mRNA levels and also if GDIγ protein is really not expressed.
On protein level, GDIα was midly upregulated in RhoBC KOs, which contain
high levels of RhoA (see Figure 3.17.A). GDIβ protein levels were upregulated in
all Rho KO cells except for RhoA KOs, yet not significantly (see Figure 3.17.B).
Since protein levels of GDIβ increased, whereas they were decreased on mRNA
level, the regulation behind GDI amounts needs further clarification.
Whatever the case, in order to address which GDI isoforms bound to the re-
spective Rho proteins, GFP-Trap IPs were performed. These showed that RhoA
and RhoC both bind to GDIα and GDIβ, whereas RhoB does not bind to any of
them, even not in the absence of RhoA and RhoC (see Figure 3.18.A&B). GDIα
and GDIβ were previously proposed to bind RhoA and RhoC, whereas RhoB
was suggested to bind GDIγ [53]. So far, these results correspond to the data
from this study. Since GDIγ mRNA levels were below the detection limit in
microarray analysis, this protein was neglected during Western Blot analysis.
If GDIγ is really absent in NIH-3T3 fibroblasts, which should be verified, the
question arises how RhoB levels are maintained, particularly in those Rho KO
cell lines in which the protein is upregulated. In the WT situation, RhoB shows a
short half-life and is specifically upregulated when it is needed [58]. Therefore,
a stabilizing GDI for RhoB might not be as essential in the WT situation, but the
protein levels are so high upon KO of RhoA and/or RhoC, that there has to be
a mechanism protecting RhoB from degradation. Ho et al. proposed that RhoB
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stability depends on GDIα [212], which can be excluded, at least via a direct
interaction, due to the GFP-Trap IP data.
To get an overview of the complex interactions and regulations of Rho proteins
and GDIs, the group of Prof. Dr. Michael Meyer-Herrmann, specifically Lito
Papaxenopoulou, Dr. Gang Zhao and Dr. Haralampos Hatzikirou, analyzed the
Western Blot expression data and microarray results to generate a mathematical
model of the interactions between Rho proteins and the GDIs. Therefore, a ki-
netic model was formulated which was subsequently fitted to experimental data
and adjusted until an agreement between experimental data and previous as-
sumptions was found. The assumption that RhoC basal protein levels are higher
than those for RhoA and RhoB was based on the microarray data and used for
the model but needs further proof by mass spectrometry. The outcome is shown
in Figure 4.1. The models propose that protection of RhoB from degradation by
GDI interactions is quite strong and that the already mentioned antagonism be-
tween RhoA and RhoB also showed strong effects (see Figure 4.1.A). In addition,
it is hypothesized that RhoB and RhoC influence RhoA activity and degradation
by either inhibiting RhoA inactivation and binding of inactive RhoA to the GDI
or by supporting RhoA activation and release from GDIs (see Figure 4.1.B). Vari-
ous data from this study promote a role for RhoC in RhoA activation, but not for
RhoB. The antagonism between RhoA and RhoB fits to the conclusions from this
study, whereas the strong interaction between RhoB and GDIs, as mentioned
above, needs further specification.
Figure 4.1: Model of Rho and GDI interactions. These models were generated by Lito Pa-
paxenopoulou, Dr. Gang Zhao and Dr. Haralampos Hatzikirou from the group of Prof. Dr.
Michael Meyer-Hermann, HZI. (A) Reactions between RhoA, RhoB and RhoC with GDI as buffer.
Xa = amount of RhoA, Xb = amount of RhoB, Xc = amount of RhoC, Xd = amount of GDI. Yel-
low arrows show very strong interactions. Arrows from GDI to the GTPases mean that the Rho
protein is protected from degradation by the GDI. (B) Suppressive reactions between the Rho
proteins. Xa, described above, is the sum of A (inactive state of RhoA) + A* (active state of
RhoA) + K (complex of RhoA with GDI). Red color represents direct suppression, whereas blue
arrows indicate indirect suppression. RhoB and RhoC can either directly inhibit inactivation
of RhoA or complex formation of inactive RhoA with the GDI. Indirectly, RhoB and RhoC can
promote RhoA activation or separation of RhoA from the GDI.
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Activity of Rho proteins can also be regulated by other proteins than GDIs, GEFs
and GAPs. The PRL family, consisting of the three tyrosine phosphatases PRL1,
PRL2 and PRL3 has been implicated in the activation of RhoA. The mechanisms
of this process are still under investigation. PRL1 was shown to increase RhoA
activity by binding to and thereby inhibiting the p115 Rho GAP [174]. Not much
is known about PRL2 so far, but knockdown of its mRNA decreased vinculin
expression and also migration and invasion capacities in cancer cells [213]. PRL3
overexpression led to an increase of active RhoA and RhoC which depended
on its phosphatase activity [214]. As mentioned earlier, Rho proteins can be
phosphorylated and thereby inactivated [68]. A direct interaction between PRL
phosphatases and phosphorylated Rho proteins can therefore not be excluded.
mRNA levels of the three PRL genes in Rho KOs, extracted from the microarray
dataset, revealed an interesting regulation shown in Figure 3.11. PRL1 mRNA
levels are increased particularly in RhoB and RhoC KOs, in which RhoA levels
are upregulated. PRL2 mRNA is strongly downregulated in RhoAC double
KO cells, containing high RhoB protein amounts. PRL3 mRNA levels on the
other hand are strongly increased in RhoA and RhoC KOs, where again RhoB
is present at high levels. This points towards very specific functions of the three
proteins, potentially regulating either RhoA, as PRL1 or/and PRL2, or rather
activating RhoB, as PRL3. The background for this conclusion is the fact that
RhoA and RhoB are antagonistically regulated (see Figure 3.10).
4.2.3 Regulation of Rac and Cdc42 upon Rho deletion
Rac and Cdc42 proteins are, besides RhoA, the best-studied Rho GTPases in-
volved in regulation of the actin cytoskeleton. Since Rac is also known to be
antagonistic to RhoA [215], mRNA and protein levels of Rac and Cdc42 were
analyzed in the absence of Rho. Also for Cdc42 and RhoA, opposing activities
have been proposed, at least in the regulation of metalloproteinases [216]. Cdc42
mRNA levels were mildly decreased in RhoB and RhoAC KO cells and slightly
increased in cells expressing only RhoC (see Figure 3.19.A). Rac2 mRNA was
below the detection limit and Rac1 showed no significant changes. Rac3 mRNA
was decreased in RhoA KO cells. The only significant difference of Rac/Cdc42
protein levels was an increase observed in RhoBC KOs, but all other KO clones
also showed a similar tendency (see Figure 3.19.B). Activity of Rac1, Rac2 and
Rac3 combined was mildly increased in all Rho KO cells, but not significantly
(see Figure 3.19.C). All experiments on protein level only give a rough overview
since multiple proteins are simultaneously included in the analysis. Furthermore
it should be considered that not only RhoA is antagonistic towards Rac1, but also
Rac1 and Rac3 have been suggested to carry out opposing functions considering
adhesion and contraction [217], which makes the data more difficult to interpret.
The tendency of a mild increase in protein level and activity of particularly Rac
proteins can be observed and would fit to an antagonism towards the deleted
Rho proteins. For detailed conclusions, a more specific analysis differentiating
between the GTPases would be necessary.
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Due to the expression data, it was not surprising that lamellipodia, induced by
Rac signaling [37], could be observed in all cell lines depleted in Rho proteins
(see Figure 3.20), since Rac activity was not diminished.
4.2.4 F-actin, stress ﬁbers and myosin in the absence of Rho
Due to the direct connection between Rho GTPases and the actin cytoskele-
ton, total actin levels in the absence of Rho were analyzed via Western Blotting
(see Figure 3.21.A). Interestingly, total actin levels were increased, especially in
RhoBC and RhoAC double KOs. Measurements of F-actin intensities on the
other hand revealed a decrease in most Rho KO cells, with the exception of
RhoB KOs (see Figure 3.21.B). There, more F-actin per cell area was observed,
which could be due to high RhoA levels in the presence of RhoC and the absence
of RhoB. The lowest amount of F-actin per cell area was observed in RhoAB KOs,
expressing only RhoC. RhoBC KOs, in which more total actin was found, might
contain a high amount of G-actin, since F-actin intensity per cell area was also
strongly reduced here. Yet, increased cell area has to be considered. RhoA alone,
even when upregulated, does not seem to be able to maintain a high stress fiber
content in the cell. The same is true for RhoAC double KOs, expressing only
RhoB. In conclusion, generation of F-actin is most efficient if RhoA and RhoC
are active, appears to keep the balance if RhoB is upregulated, slightly less ef-
fective if RhoA is the only Rho protein and the least efficient if RhoC is the only
Rho protein. Aspenström et al. observed that all three Rho proteins, when over-
expressed and constitutively active, were able to induce stress fibers [218], which
is why a more detailed analysis on stress fibers was followed up.
All cell lines used for this study showed a reduction of stress fibers upon starva-
tion but generated strong stress fibers at the cell border upon serum stimulation
(see Figures 3.22 and 3.23). The only exception were RhoA and RhoAC double
KOs, in which stress fiber formation upon serum stimulation was not mainly
at the cell border or not as strong. Peripheral stress fibers are rather medi-
ated via MRCK whereas central stress fibers are generated via ROCK signaling
[219]. This points towards a differential regulation of myosin activation in RhoA
and RhoAC double KOs. Reduction of stress fibers upon serum starvation has
frequently been used for investigations in the past [220], since for instance the
serum component LPA is responsible for induction of stress fibers [176].
Treatment of all double KO cell lines with CNFy showed that all three Rho pro-
teins alone were able to induce stress fiber formation (see Figure 3.40). Previous
analyses of CNFy revealed that it predominantly activates RhoA, but also affects
Rac1 and Cdc42 [221] [222]. Therefore, stress fiber generation upon CNFy treat-
ment via Cdc42 and MRCK can not be excluded. On the other hand, all three
double KOs contain strongly increased amounts of the respective Rho protein
and, as just mentioned, CNFy seems to prefer Rho over Cdc42 as substrate. This
promotes the hypothesis that the single Rho proteins, when constitutively active,
can induce stress fibers.
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Stress fibers are induced downstream of kinases like ROCK or MRCK, with
ROCK inducing myosin light chain phosphorylation downstream of Rho and
MRCK downstream of Cdc42 [84]. ROCK mRNA levels showed mild variations
upon Rho KO, but this did in most cases not reflect the protein level (see Figure
3.24). ROCK protein levels were mainly increased in cells with high RhoA levels,
in the absence of RhoB and the presence of RhoC, namely RhoB KOs. Again,
these results suggest a cooperative role for RhoA and RhoC in activation of con-
tractility and stress fiber formation. Melendez et al. also observed no significant
increase in ROCK levels and activity upon RhoA single KO [187].
mRNA levels of MRCK were decreased in a few cell lines, especially double
KOs and RhoB KOs (see Figure 3.25). An explanation could be that upon up-
regulation of RhoA, especially in the absence of RhoB, the ROCK pathway was
predominantly used and myosin activation relied less on MRCK activity. The
two kinases have been shown to work in cooperation [223], so that it could be
possible that one pathway is downregulated when the other one is predomi-
nantly used. Of course, MRCK protein levels and activity need to be analyzed
to draw clear conclusions.
Myosin IIa and IIb, as well as phosphorylated myosin, localized to stress fibers
in all Rho KO cells and this localization revealed no obvious differences to NIH-
3T3 WT cells (see Figures 3.26 − 3.29). Stress fibers contain myosin, independent
of activation via ROCK and Rho or MRCK and Cdc42 [84]. Therefore, myosin
content of stress fibers was not expected to change as much as the amount of
stress fibers themselves upon Rho KO. For instance RhoAB KOs contain only a
very low amount of stress fibers, but the few that are present contain myosin.
Recruitment of myosin II to stress fibers is mediated via Tropomyosin 4 [173].
mRNA levels of Tropomyosin 4 are strongly increased in RhoB KOs and de-
creased in RhoAC KOs (see Figure 3.11). RhoB KO cells have previously been
proposed to contain increased F-actin amounts and contractility by results from
this study (see chapter 4.2.1). This is in line with increased Tropomyosin 4 lev-
els. The opposite has been proposed for RhoAC KO cells, containing only RhoB.
This confirms that RhoA together with RhoC is the most important factor for
contractility and stress fiber formation. Tropomyosin 4 levels should be verified
on protein level.
Phosphorylation of myosin light chain was increased strongly in RhoB KOs
and to a lesser extent in RhoBC KOs (see Figure 3.30). As already described
for other experiments, the Rho contraction pathway is therefore at its optimum
when RhoA is upregulated in the absence of RhoB. The presence of RhoC seems
to improve RhoA activity, which is why the increase in phosphorylation was
weaker in RhoBC double KOs. The lowest level of myosin phosphorylation was
observed in RhoC KOs, containing high amounts of RhoA and RhoB, probably
inhibiting each other. An increase of myosin light chain phosphorylation was
already observed in other studies when RhoB was deleted in addition to RhoC
[185].
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4.2.5 Role of coﬁlin in Rho KO cells
One gene that was strongly regulated upon Rho KO at the mRNA level was the
actin depolymerizing factor ADF. It was particularly upregulated in RhoA and
RhoC KO cells (see Figure 3.31.A). The other cofilin family members, Cofilin 1
and Cofilin 2, displayed only moderate regulation at the mRNA level. Interest-
ingly, the total levels of Cofilin1 mRNA in NIH-3T3 WT cells were much higher
than those encoding ADF and in particular Cofilin 2 (see Figure 3.31.B). Since
it was previously observed that Cofilin 2 and ADF disassemble actin filaments
more efficiently than Cofilin 1, it can be hypothesized that higher amounts of
Cofilin 1 are needed to generate the respective level of activity [91].
Analysis of Cofilin family members at the protein level confirmed the upregu-
lation in the absence of Rho (see Figure 3.32). Particularly in Rho double KOs,
ADF was upregulated, as well as Cofilin 2, even though less dramatically in case
of the latter. Upregulation of Cofilin 1 reflected partially the increase of Cofilin 1
phosphorylation and thus inactivation, suggesting that increased expression lev-
els are compensated by decreasing Cofilin 1 activity. Higher amounts of Cofilin
1 phosphorylation were especially observed in RhoB and RhoBC KO cells, which
contain high amounts of RhoA in the absence of RhoB.
Interestingly, even though deletion of Rho proteins led to an increase of Cofilin
family member expression, overexpression of Rho did not induce decreased
cofilin family expression (see Figure 3.33). Instead, a moderate increase in Cofilin
family expression was observed, which was again also true for Cofilin 1 phos-
phorylation. These data suggest that the correlation between Rho protein and
Cofilin family member expression likely involves an additional regulation be-
sides LIMK mediated Cofilin family member inactivation. In previous studies,
Cofilin expression was observed to be induced by cyclic stretching of cells and
thereby concluded to respond to changes in mechanotransduction [224]. There-
fore it is not unlikely that the contractile activity in cells has an influence on
Cofilin expression. Consistent with this view, ADF was most strongly upregu-
lated in Rho double KO cells, which, as discussed above due to increased cell
area or volume, might contain reduced levels of contractility. However, it should
also be considered that Cofilin does not act alone, but operates together with
many other proteins, such as Coronin [225], Memo [226] or WDR1 [89].
WDR1 (also called Aip1) was also upregulated in Rho double KO cells. This
was most evident at the protein level in RhoAC double KO cells, expressing
only RhoB (see Figure 3.34). WDR1 was previously found to be implicated in
cytokinesis [227]. It is therefore possible that RhoAC double KO cells display
upregulated WDR1 expression levels to compensate for the loss of RhoA, in
particular during cytokinesis. Further localization studies would be needed to
verify this hypothesis.
siRNA induced knockdown of all Cofilin family members reduced their expres-
sion but did not completely abolish it (see Figure 3.35). This might be due to
probably similar problems as observed for Rho proteins: it is not possible to
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erase all three Cofilin family members since they might be essential for cell sur-
vival. As also observed in the current study, Hotulainen et al. previously noticed
upon knockdown of one family member, a strong upregulation of a remaining
one, suggesting a compensatory mechanism [228]. It is likely that ADF/Cofilin
activity is important for cell motility and cytokinesis, all of which require dy-
namic turnover of cellular actin filaments, and thereby not dispensable for cel-
lular survival.
Knockdown of Cofilin family proteins, suggested to reduce actin depolymeriza-
tion, induced massive stress fiber formation, increased cell size and multiple and
deformed nuclei in all cell lines, not only in NIH-3T3 WT but also in Rho KOs
(see Figures 3.36 − 3.39). For WT cells in the presence of Rho, similar observa-
tions upon elimination of Cofilin expression have been described earlier [180].
However, RhoAB KOs showed a different behavior, as Cofilin knockdown in
these cells did not induce stress fiber formation as dramatically as in other cell
lines. While RhoC and Cdc42 are both expressed in RhoAB KOs, these proteins
alone apparently can not trigger efficient stress fiber formation. Furthermore,
the difference of capability to form stress fibers in WT cells versus RhoAB KOs
was even more evident upon Cofilin knockdown, confirming differential signal-
ing in these distinct cell lines. Since prominent stress fiber formation by Cofilin
siRNA was observed in all other Rho KO cell lines except for RhoAB KO, the
presence of either RhoA or RhoB might be sufficient for stress fiber formation
upon ADF/Cofilin inactivation.
In order to explore the pathway that mediates the pronounced stress fiber for-
mation observed upon ADF/Cofilin knockdown, Rho, ROCK, MRCK or myosin
II were inhibited under these conditions. None of these inhibitors was able to
completely abolish the stress fiber phenotype induced by Cofilin siRNA. How-
ever, the same inhibitor treatments strongly diminished stress fiber formation
under control conditions (i.e. without Cofilin knockdown), suggesting that more
than one pathway is involved in stress fiber formation upon ADF/Cofilin inac-
tivation. The strongest reduction of stress fiber formation in cells treated with
Cofilin siRNA was observed upon myosin II inhibition, in WT as well as Rho
KO cells. Since stress fibers contain myosin II irrespective of the upstream sig-
naling pathway, the disassembly of stress fibers upon myosin II inhibition was
not unexpected [84]. Interestingly, the second strongest inhibition of stress fiber
formation was induced by inhibiting ROCK but not Rho proteins. Therefore a
second, perhaps indirect, pathway of ROCK activation might contribute to the
strong stress fiber formation upon ADF/Cofilin inactivation. For instance, ac-
tivation of ROCK through the NOTCH receptor has been described previously
[229], showing that alternative pathways should be considered.
Under control conditions (i.e. without Cofilin knockdown), inhibition of myosin
II or ROCK also had the strongest impact on stress fiber formation in most cell
lines. As an exception however, this was not observed in RhoAB KOs, in which
MRCK or Rho inhibition had the strongest impact. The few stress fibers left
in RhoAB KOs are therefore likely generated through RhoC as well as Cdc42
signaling, whereas ROCK seems to be more relevant in the other cell lines. Nev-
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ertheless, the fact that ROCK inhibition reduced stress fiber formation more
strongly than Rho inhibition could be due to an alternative, Rho independent
pathway of ROCK activation, or alternatively, differential inhibitor efficiencies at
given concentrations. Future experiments will have to distinguish between these
possibilities.
Taken together, the data obtained with this experimental setup suggest that both
Rho and ROCK as well as Cdc42 and MRCK are capable of inducing stress fiber
formation when actin depolymerization by Cofilin proteins is reduced. How-
ever, RhoA and RhoB seem to be more efficient than RhoC and Cdc42 during
this process.
4.3 Infection studies in the absence of Rho
proteins
4.3.1 Role of Rho and Rac proteins during S. Typhimurium
infections
Invasion of S. Typhimurium was shown to depend on Rac as well as Rho pro-
teins and the contributions seemed to be additive [136]. Nevertheless, previous
studies on the role of Rho proteins were performed with C3 toxin from C. bo-
tulinum, not distinguishing between RhoA, RhoB and RhoC since all three are
inhibited by the toxin. Rac KO cells and the Rho inhibitor Rhosin were utilized
to verify previous data. Rho inhibition decreased invasion to 60%, whereas Rac
KO yielded an invasion rate of only 16% (see Figure 3.1). Confirming the addi-
tive effect, 5% of bacteria invaded in Rac KO cells treated with Rhosin. These
data could point towards a stronger contribution of Rac, yet a genetic KO can not
be directly compared with inhibition via small molecule inhibitors. As shown
for Rhosin, RhoA activation is reduced upon treatment but not completely di-
minished, since small molecule inhibitors are competing with GEFs for binding
to the GTPase [230].
Table 4.1 displays invasion rates of S. Typhimurium in the absence of one or
two Rho proteins in context with expression levels of the respective other Rho
and Rac/Cdc42 proteins. Rho KO cell lines are sorted according to the resulting
invasion rates (see Figure 3.41). + signs are used to display fold protein changes
compared to NIH-3T3 WT levels, according to Figures 3.13.B and 3.19.B. − dis-
plays deletion of the respective gene and = stands for the same levels as in
NIH-3T3 WT cells, representing the control condition.
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Table 4.1: Rho and Rac/Cdc42 protein levels and resulting invasion of S. Typhimurium
Cell line RhoA levels RhoB levels RhoC levels Rac/Cdc42 levels Invasion
NIH-3T3 WT = = = = 100%
RhoB KO ++ − = = 105%
RhoBC KO ++ − − ++ 87%
RhoAC KO − +++++ − ++ 79%
RhoC KO ++ +++ − = 67%
RhoAB KO − − +++ = 57%
RhoA KO − ++++ = = 45%
The table reveals different roles for RhoA, RhoB and RhoC. In RhoB KO cells,
with increased RhoA levels and RhoC still present bacteria invaded as efficient
as in WT cells (RhoB KO). An additional RhoC depletion slightly reduced the in-
vasion rate, even though Rac/Cdc42 levels were higher than in WT cells (RhoBC
KO). Invasion was even less efficient when cells expressed RhoB as the only Rho
protein, but in strongly increased amounts, and showed increased Rac/Cdc42
levels compared to WT cells (RhoAC KO). An even lower invasion rate was in-
duced when only RhoA and RhoB were expressed, even though protein levels
of both were quite high (RhoC KO). The second weakest invasion rate was ob-
served in cells expressing RhoC as the only Rho protein, despite its increase in
expression (RhoAB KO). The lowest invasion rate of 40% was observed in cells
expressing high RhoB levels but also WT levels of RhoC (RhoA KO).
In conclusion these data suggest that all three Rho proteins are able to facilitate
S. Typhimurium invasion, since all KO cell lines lead to invasion rates that are
still higher than in Rac KO cells (16%). However, the three Rho proteins show
different efficiencies. RhoA has the strongest impact on the invasion pathway
but is more efficient if RhoC is present and RhoB is absent. Antagonistic func-
tions for RhoA and RhoB have already been proposed based on the microarray
data (see Figure 3.10). RhoB is more efficient at inducing invasion than RhoC
and in contrast to RhoA, RhoB acts more efficient in the absence of RhoC.
Hänisch et al. showed that the Rho dependent entry pathway involves myosin II
activity and stress fiber formation [136]. All three Rho proteins alone are able to
induce stress fibers (see Figure 3.40), yet the exact mechanism of how stress fiber
formation induces uptake is still unknown. Additive effects of Rho and Rac in S.
Typhimurium have been confirmed by the experiments described above. Also,
ruffle formation during infection with S. Typhimurium was not abrogated upon
deletion of one Rho protein (see Figure 3.42). This confirmed that bacterial entry
in the absence of Rho could occur without hindrance via the well studied Rac
induced membrane ruffling pathway [39].
It was previously found that the Rho entry pathway depends on the bacterial
effector protein SopB, whereas SopE, SopE2 and SopB all induce the Arp2/3
complex mediated ruffling pathway [136]. To further dissect the roles of RhoA,
RhoB and RhoC in context with the virulence factors, Rho single KO cells were
infected with the respective S. Typhimurium mutants (see Figure 3.43). Bacteria
lacking all three effectors were non-invasive in all cell lines. Bacteria defective
in either SopB or SopE/SopE2 expression all showed reduced invasion in WT
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and Rho KO cells compared to WT bacteria. Yet in all cases, bacteria lacking
only SopB invaded better than bacteria expressing SopB as the only one of the
three virulence factors initiating invasion. In NIH-3T3 WT cells, the invasion
rate of S. Typhimurium ∆SopE/SopE2 is similar to the invasion of bacteria in
Rac KO cells, thereby confirming the link between Rac and the two effectors.
Also, infection experiments in Rac KOs suggested a more important role for the
Rac pathway during invasion. S. Typhimurium ∆SopE/SopE2 can still use the
Rho pathway and partially the Rac pathway via SopB [133]. The SopB mutant on
the other hand can not induce Rho activation but has still two proteins capable
of activating membrane ruffling and therefore invades better. Even though, the
difference between invasion of the two mutant strains in the different Rho KO
cell lines depended on RhoA expression levels.
It is well known that RhoA and Rac1 activities are antagonistic [231] [215]. There
are currently no studies revealing this effect between RhoB or RhoC and Rac. In
RhoA KO cells, an inhibitor of the Rac pathway is therefore missing, suggest-
ing increased Rac1 efficiencies. In RhoC KO cells, RhoA levels are increased
but potentially suppressed by high RhoB levels and RhoC, as a supporter of
RhoA activation, is missing. Thereby, in both cell lines bacteria lacking SopE
and SopE2 and thereby depending on SopB for invasion have better chances of
using the Rac pathway in the absence of Rho proteins. In RhoB KOs on the other
hand, which express high levels of RhoA and therefore should highly suppress
Rac activity, S. Typhimurium ∆SopE/SopE2 shows strong invasion defects. This
is interesting, since SopB and RhoA are both expressed and should lead to an
efficient invasion via the Rho pathway. Also it has to be considered that WT
bacteria invade as good in RhoB KO cells as in WT cells. Therefore, a potential
connection between SopB and RhoB during bacterial infection should be eluci-
dated.
The role of RhoB during S. Typhimurium infection remains unclear since a RhoB
KO did not reduce invasion rates. Since RhoB differs from RhoA and RhoC in
its localization and is involved in vesicular trafficking [61], experiments were
set out to analyze RhoB levels in late stages of infection, when S. Typhimurium
resides in the SCV (see Figure 3.44). Whereas RhoA and RhoC levels were only
slightly increased over 6 hours of infection, RhoB levels were strongly upregu-
lated. This increase showed the strongest rise between 1 and 2 hours p.i. with
WT bacteria. Interestingly, in particular considering the latest discussion about
SopB and RhoB in the previous paragraph, the increase in RhoB was completely
abolished if the cells were infected with S. Typhimurium ∆SopB. These data
lead to the hypothesis that RhoA might play a role in the early invasion process
while RhoB is important for later intracellular steps of the infection. Additional
experiments showed that RhoB upregulation partially depends on an early in-
creased mRNA expression, even though the increase in protein by far exceeds
the increase in mRNA levels, with the latter stagnating after the initial increase
(see Figure 3.45). An additional regulation of RhoB protein stability independent
of mRNA levels therefore needs to be present and has to be analyzed in more
detail.
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It was previously shown that SopB protects infected cells from apoptosis by
Akt activation [232]. Another investigation revealed a role for RhoB during that
process, at least during early stages of infection [233]. Therefore, Akt phospho-
rylation was analyzed in all Rho KO cell lines and during infection in NIH-3T3
WT cells (see Figure 3.46). Microarray data revealed that Akt mRNA levels were
either decreased in the absence of RhoB or increased in cell lines with high RhoB
levels. Akt phosphorylation on the other hand was increased in all Rho KO cells,
with the strongest increase in RhoC KO cells, where RhoB levels are high and
RhoA activity can not be supported by RhoC anymore. Nevertheless, infection
experiments showed a slight increase in Akt phosphorylation after 1 hour p.i.
and subsequently decreasing and stagnating levels. There was no strong differ-
ence between WT bacteria and S. Typhimurium ∆SopB, even though the increase
in Akt phosphorylation after 1 hour was not quite as strong in the absence of
SopB. It can therefore be suggested, that the upregulation of RhoB via SopB dur-
ing infection is not involved in Akt activation.
Confirmation that RhoB is important for later stages of infection was given by
comparing bacterial load after 6 hours p.i. in NIH-3T3 WT and RhoB KO cells
(see Figure 3.47). Infection of RhoB KO cells yielded a reduction of bacterial load
by 30%. Furthermore, bacteria lacking SopB failed to replicate efficiently in both
cell lines. Of course earlier invasion rates are already lower for S. Typhimurium
∆SopB, but bacterial numbers after 6 hours were so low, that this points towards
a defect not only in invasion but also in intracellular replication. It should be
considered that bacteria lacking SopB also grow slightly slower during normal
cultivation in LB medium, compared to all other strains used for this study
(data not shown). The exact contribution of RhoB and SopB to bacterial replica-
tion and SCV formation and stability remains to be established. Previous studies
revealed a role for SopB during trafficking of the SCV to inhibit fusion with the
lysosome [234]. Another investigation showed that myosin activity downstream
of ROCK was important for positioning of the SCV, also in context with SopB
activity. A potential connection via a constitutively active RhoA construct was
shown, but RhoB was not included in the study [235]. Since RhoB was shown to
regulate endosomal trafficking by inhibiting transport to and via microtubules
by building an actin cage around the vesicles [61], a potential connection to SCV
positioning seems plausible and needs a detailed analysis in the future.
4.3.2 Invasion of S. ﬂexneri and the roles of Rho and Rac
proteins
Invasion of S. flexneri in non-phagocytic host cells is an important step during
bacterial infection. It has been shown previously that activation of the GTPase
Rac via the bacterial virulence factor IpgB1, acting as a GEF, induces membrane
ruffling and thereby uptake of the bacteria [147]. Since an additional RhoA de-
pendent invasion mechanism has already been discovered for S. Typhimurium
[136] and S. flexneri expresses IpgB2, a GEF for RhoA [45], experiments were set
up to analyze the contributions of Rho and Rac to bacterial invasion. In initial
experiments, we made use of small molecule inhibitors for Rho and Rac proteins.
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Treatment of NIH-3T3 WT fibroblasts with the inhibitors revealed that both GT-
Pase families are involved in the invasion process since invasion was reduced to
around 40% in both cases. The reduction was stronger for Rho inhibition and
was not further decreased upon usage of both inhibitors at the same time (see
Figure 3.2.B).
Small molecule inhibitors are competitive and never able to inhibit all target pro-
teins in the cell [230]. Therefore, complete deletion of proteins via gene KO is in
the end necessary to draw definite conclusions. A Rac KO in mouse embryonic
fibroblasts has been generated previously [38]. In this cell line, Rho inhibition
reduced invasion by 50%, which was slightly less than in NIH-3T3 cells. Interest-
ingly, invasion in Rac KO cells, with or without Rho inhibition, was completely
abolished (see Figure 3.2.A).
Strikingly, invasion of S. flexneri in Rho KO cells, which express high amounts of
Rac proteins as shown previously, confirmed a role also for Rho proteins in the
invasion process (see Figure 3.48). Table 4.2 gives an overview of the situation
in the different Rho KO cell lines, which are sorted by the resulting invasion
rates. + signs are used to display fold protein changes compared to NIH-3T3
WT levels, according to Figures 3.13.B and 3.19.B. − stands for deletion of the
respective gene and = displays control levels as in NIH-3T3 WT cells.
Table 4.2: Rho and Rac/Cdc42 protein levels and resulting invasion of S. flexneri
Cell line RhoA levels RhoB levels RhoC levels Rac/Cdc42 levels Invasion
NIH-3T3 WT = = = = 100%
RhoB KO ++ − = = 73%
RhoBC KO ++ − − ++ 71%
RhoC KO ++ +++ − = 59%
RhoAC KO − +++++ − ++ 45%
RhoAB KO − − +++ = 23%
RhoA KO − ++++ = = 18%
The table reveals differential roles for RhoA, RhoB and RhoC. Compared to con-
trol levels, invasion is most effective if RhoA levels are increased, RhoB is absent,
and RhoC is still present (RhoB KO). Invasion is reduced slightly when RhoC is
deleted in addition even though Rac/Cdc42 levels are mildly increased (RhoBC
KO). Reduction of invasion is even stronger when RhoC is absent and RhoB
is upregulated in the presence of RhoA (RhoC KO). The next decreasing step
appears when Rac/Cdc42 levels are increased but only RhoB is present, even
though the latter is strongly upregulated (RhoAC KO). The second-strongest in-
vasion defect occurs when only RhoC is expressed, even though its levels are
increased (RhoAB KO). The lowest invasion rate was found when RhoA was
absent, RhoC levels were unchanged and RhoB was strongly upregulated.
In conclusion these data show that even though the exact contribution of Rho
proteins to S. flexneri invasion is not known, RhoA can perform this function the
most efficient. RhoC helps RhoA to execute its function, whereas the presence
of RhoB, which was already shown in the microarray analysis to be antagonis-
tically regulated to RhoA (see Figure 3.10), impedes RhoA activity. RhoB alone
is able to promote invasion, even though not as good as RhoA, but this is more
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efficient without RhoC. RhoC alone is not able to efficiently facilitate invasion.
Upregulated Rac/Cdc42 levels seem to have a mild positive effect on invasion
in the situation described above.
The hypothesis that Rho as well as Rac are both directly involved in the mech-
anisms of bacterial uptake for S. flexneri, yet by alternative mechanisms, is not
convincing. Invasion is strongly reduced when either Rac or RhoA are depleted,
even though the other one is still expressed and the alternative pathway should
therefore be possible. The contribution of Rac to membrane ruffling inducing
bacterial invasion has been described previously [148], but the functionality
of Rho proteins in this process needs further clarification. One possibility is
that Rho proteins are inducing effector translocation via the bacterial T3SS. This
mechanism, even though the details are still unknown, has already been found
in Y. pseudotuberculosis [155] [222]. In this case, the bacterial toxin CNFy gets into
the cell by a yet unknown pathway, activates Rho GTPases and thereby induces
secretion of virulence factors through the T3SS. Assuming this hypothesis for S.
flexneri could explain the current datasets. Without Rho proteins, there would be
no effector translocation and therefore no Rac activation and subsequent mem-
brane ruffling and invasion. Invasion was never completely abolished in Rho
KO cells since all three proteins seem to be able to exert the function, yet with
different efficiencies. In the absence of Rac, effector translocation would be pos-
sible but membrane ruffling can not be induced so that bacterial uptake is not
possible. Looking at small molecule inhibitor treatments in NIH-3T3 cells, using
both inhibitors at the same time did not further decrease invasion compared to
only Rho inhibition, since Rac activation can not occur anyway if the effector
IpgB1 can not be translocated. Therefore, S. flexneri invasion depends on Rho
for the initiation and on Rac for the execution of the invasion process. This the-
ory naturally needs experimental evidence, so that future experiments should
analyze effector translocation in the absence of Rho proteins.
Formation of membrane ruffling during S. flexneri invasion and actin tails for
intracellular movement was not expected to change upon deletion of Rho pro-
teins. Membrane ruffling depends on Rac activation [169], whereas actin tails
are mediated via binding of the virulence factor IcsA to cellular N-WASP, one of
the NPFs for Arp2/3 [236]. Even in the absence of one Rho protein, as discussed
above, the other respective Rho proteins can to a certain extent compensate and
in the case that effector translocation is induced, invasion will occur via mem-
brane ruffling. Nevertheless, Rho single KO cells infected with the bacterial WT
strain were fixed and stained to check for potential morphological differences.
As hypothesized, both types of actin structures were detectable even in the ab-
sence of Rho and no other morphological changes could be observed (see Figure
3.49). This supports the hypothesis that invasion defects upon Rho KO are not
due to impaired membrane ruffling but specifically changed by the absence of
Rho proteins.
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4.3.3 RSV infection in Rho KO cells
The roles of Rho GTPases and the actin cytoskeleton during respiratory syncy-
tial virus (RSV) infections have been studied earlier [161] [160]. Specific con-
tributions of RhoB and RhoC were not addressed in the past, while RhoA was
shown to induce syncytium formation. The FACS experiments performed by
Svenja Wiechert revealed that viral spread is inefficient in the absence of RhoA
and RhoB (see Figure 3.50).
This inefficiency could be due to reduced cell fusions. To further analyze this,
NIH-3T3 WT and all Rho KO cells were transfected with the viral fusion protein
RSV-F. Our data show that syncytium formation was found rather infrequently
in cells lacking RhoA, whereas accumulations of RSV-F in the perinuclear area
were observed more frequently in cells lacking RhoA or RhoB (see Figure 3.51).
These data confirm the role of RhoA in RSV-F mediated cell fusions but also
reveal a potential role for RhoB in transport of the RSV-F protein to the cellular
surface, since it needs to get embedded in the plasma membrane to interact with
neighboring cells. RSV-F is expressed as a precurser protein in the cytoplasm,
which is triggered by a so far unknown mechanism to change its structure and
get into the membrane with its hydrophobic region [237]. RSV-F co-localization
with RhoA at lipid rafts on the plasma-membrane has been shown, but the
analysis of RSV-F transport to the lipid rafts was executed with C3 toxin from
Clostridium botulinum, which, as mentioned earlier, inhibits all three Rho pro-
teins. RSV-F was not able to localize at lipid rafts after C3 treatment, which,
despite its co-localization at the rafts with RhoA, does not exclude a role for
RhoB in the transport [238]. Future studies should include the other Rho KO
clones in the FACS experiments to clearly distinguish between the roles of RhoA
and RhoB but also to uncover if there is a role for RhoC that is not known so
far. Co-localization studies of RSV-F and RhoB should also be performed. In
addition, the Rho KO cells provide a nice tool to analyze the exact contributions
of RhoA and RhoB for RSV infections in more detail.
4.4 Concluding Remarks
This study provided new insights into the specific roles and the interplay be-
tween RhoA, RhoB and RhoC via genetic knockouts of the single GTPases as
well as two at the same time, leaving only one Rho protein in the cell. The
overall hypothesis that could be drawn out of various experiments is that RhoA
and RhoB have antagonistic functions and are more efficient in the absence of
the respective other protein. Importantly, the genetic and cell biological toolbox
generated in this work was able to reveal a very specialized functional role of
RhoC, since the protein alone can only partially compensate for the loss of the
others. Instead, the data propose that it supports RhoA activity by a yet un-
known mechanism, but does not support RhoB. mRNA data revealed that RhoC
is expressed in much larger amounts than RhoA or RhoB, which should be ver-
ified on protein level in future experiments by mass spectrometry. This might
confirm the hypothesis that RhoC is quite inefficient itself but promotes RhoA
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activity by blocking Rho GDIs due to its high amounts and thereby pushes RhoA
out of the Rho GDIs and towards an active state.
The typical pathways downstream of Rho proteins, via ROCK or LIMK, were
shown to be mediated mainly via RhoA, probably together with RhoC. For in-
stance, RhoB KO cells, containing increased RhoA protein levels, were the cell
line with the highest level of F-actin and contractility, as was concluded due
to morphological changes. Furthermore, cell growth was slowed down in the
absence of RhoA and the roles of RhoB or RhoC during cytokinesis in the ab-
sence of RhoA need to be analyzed. RhoB specific functions were found to be
involved in Golgi structure and granularity. Yet, the mechanism behind RhoB
stability upon upregulation in the absence of RhoA or RhoC is so far unknown
and at least not due to GDIα or GDIβ, since RhoB was shown not to interact
with the two proteins.
Infection studies revealed pathogen-specific roles for Rho GTPases. RhoA and
RhoC mediate bacterial invasion during the early phase of infection of S. Ty-
phimurium, while RhoB is strongly upregulated during later stages of infection
and influences bacterial replication and survival. The role for Rho proteins in S.
flexneri infection still remains to be validated, since a direct mechanic effect on
invasion is not very likely. However, even though Rho proteins are suggested to
perform different functions during invasion of S. Typhimurium and S. flexneri,
the specific contributions and efficiencies of RhoA, RhoB and RhoC were found
to be very similar. Data on RSV in the absence of Rho proteins gave promising
insights into specific roles for RhoA and RhoB promoting syncytium formation
which also needs further experimental analysis.
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Mammalian Rho GTPases play a key role in regulating the actin cytoskeleton
during processes such as cellular trafficking or cell division. RhoA, Rac1 and
Cdc42 have been studied extensively in the past. The closely related RhoB and
RhoC proteins share 85% sequence identity with RhoA [56]. RhoB localizes at
endosomal membranes and is thought to be involved in endosomal trafficking,
while RhoA and RhoC accumulate at the plasma membrane [50]. Aside from
these differences, RhoB and RhoC have mostly been neglected in the past, since
many studies failed to distinguish between Rho subfamily members. Moreover,
various pathogens activate or inactivate Rho family GTPases during infection
processes to manipulate the actin cytoskeleton for their own benefit. RhoA was
studied in this context [163], but little is known in case of RhoB and RhoC.
For a distinct analysis of RhoA, RhoB and RhoC functions in cellular and infec-
tion processes, genetic knockouts of all three proteins were generated, as single
deletions and in double combinations, in the murine fibroblast cell line NIH-3T3.
Elimination of RhoA, alone or in combination with RhoB or RhoC, slowed down
cellular growth and increased the number of multinucleated cells. Deletion of
one or two proteins led to an upregulation of the remaining Rho proteins, which
was most prominent for RhoB in the absence of RhoA and/or RhoC. Changes of
F-actin content were subtle in most cases, while stress fiber formation in RhoAB
double KO cells was strongly reduced. However, generation of stress fibers
could be restored even in RhoAB double KOs upon constitutive Rho protein
activation using the bacterial toxin CNFy. In the presence of RhoA and RhoC
and the absence of RhoB, namely in RhoB KO cells, Rho kinase expression as
well as myosin light chain phosphorylation were increased the most, which is
in line with increased F-actin intensities in the same cell type. Moreover, the
actin depolymerizing factor Cofilin was found to be upregulated in the absence
of Rho. Knockdown of all three Cofilin proteins led to massive induction of
stress fibers, increased cell size and multiple nuclei per cell. Salmonella enterica
serovar Typhimurium required RhoA together with RhoC for efficient invasion
at early time points. Interestingly, RhoB was strongly upregulated during later
stages of infection, which was dependent on the S. Typhimurium inositol phos-
phate phosphatase SopB. The invasion capacity of Shigella flexneri was found to
decrease to 20% in the absence of RhoA. An initial set of experiments with res-
piratory syncytial virus revealed an influence of RhoA and RhoB on viral fusion
and syncytium formation, which is hypothesized to result from defective trans-
port of the RSV-F fusion protein to the cell surface.
In conclusion, the data from this study reveal antagonistic roles for RhoA and
RhoB. Furthermore, RhoC appears to promote RhoA activity. Taken together,
the Rho single and double KO cell lines generated during this study allow for
the first time precise dissection of respective Rho subfamily functions and their
differential contributions to fundamental cell biological processes as well as to
bacterial or viral infections.
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6.1 Supplementary Data
6.1.1 Rho GTPase expression in diﬀerent cell lines
Microarray analysis performed during studies of Block et al. [239] revealed
mRNA expression levels of genes encoding for Rho GTPases in three murine
cell lines. The normalized analysis for Rho and Rac genes shown in Table 6.1
was done by Prof. Dr. Theresia Stradal (HZI, Braunschweig).
Table 6.1: Rho GTPase mRNA expression in murine cell lines
Gene B16-F1 cells NIH-3T3 cells Swiss3T3 cells
RhoA +++++ +++++ +++++
RhoB +++ ++++ ++++
RhoC +++ +++ ++++
Rac1 +++++ +++++ +++++
Rac2 − − −
Rac3 +++ ++ ++
6.1.2 Sequences of Rho KO clones
DNA sequences of Rho KO cell lines are shown in Figures 6.1 - 6.6. Green boxes
highlight the target sequences for gene KO. Mutations in the KO sequences are
labeled in red. Only the regions which were amplified for genomic sequencing,
containing the target sequence, are shown instead of the complete RhoA-, RhoB-
or RhoC DNA sequences. The two alleles are shown separately, while only
one is displayed in the case that both harbor the same mutation, which was
shown for RhoB1, RhoC9, and RhoC3B4. Respective amino acid translations of
the complete Rho genes are depicted in Tables 6.2 - 6.4. Sequences labeled in
red show amino acids that differ from the WT sequence. Numbers in yellow
display number of missing amino acids at this exact position, compared to the
WT sequence. The * at the end of the sequences represents a stop codon.
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Figure 6.1: DNA sequences of RhoA single KOs. Sequences of RhoA single KOs were aligned
to the NIH-3T3 WT RhoA sequence. Green boxes highlight the target sequences for RhoA KO.
Mutations are shown in red.
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Figure 6.2: DNA sequences of RhoB single KOs. Sequences of RhoB single KOs are compared
to NIH-3T3 WT RhoB sequences. Green boxes highlight target sequences for RhoB KO and
respective mutations are shown in red.
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Figure 6.3: DNA sequences of RhoC single KOs. Sequences of RhoC single KOs were aligned to
the NIH-3T3 WT RhoC sequence. Green boxes label target sequences for CRISPR-Cas9 mediated
RhoC KO. Mutations are shown in red.
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Figure 6.4: DNA sequences of RhoAB double KOs. Sequences of RhoAB double KOs aligned
to the respective RhoA or RhoB WT DNA sequence. Green boxes highlight respective target
sequences. Mutations are shown in red.
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Figure 6.5: DNA sequences of RhoBC double KOs. Sequences of RhoBC double KOs are
compared to the respective WT sequences of RhoB or RhoC. Green boxes label respective target
sequences and mutations are shown in red. This Figure shows three of four RhoBC double KOs.
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Figure 6.6: DNA sequences of RhoAC double KOs. Sequences of RhoAC double KOs and one
RhoBC double KO are aligned to the respective RhoA or RhoB WT DNA sequences. Green boxes
highlight respective target sequences. Mutations are shown in red.
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Table 6.2: Amino acid sequences of RhoA in WT and RhoA KO cells
Cell line Sequence
NIH-3T3
WT
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDRLRPLSYPDTDVILMCFSIDSPDSLENIPEKWT
PEVKHFCPNVPIILVGNKKDLRNDEHTRRELAKMKQEPVKPEEGRDMA
NRIGAFGYMECSAKTKDGVREVFEMATRAALQARRGKKKSGCLIL*
RhoA1
Allele 1
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDRL GLSLIQTPMLY *
RhoA1
Allele 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVE FFH *
RhoA2
Allele 1
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDR 6 PDTDVILMCFSIDSPDSLENIPEKWT
PEVKHFCPNVPIILVGNKKDLRNDEHTRRELAKMKQEPVKPEEGRDMA
NRIGAFGYMECSAKTKDGVREVFEMATRAALQARRGKKKSGCLIL*
RhoA2
Allele 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDY LLSRHRCYIDVFFH *
RhoA3
Allele 1
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYD LSLIQTPMLY *
RhoA3
Allele 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDRL GLSLIQTPMLY *
RhoB1A1
Allele 1
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDRL AASLLSRHRCYIDVFFH *
RhoB1A1
Allele 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDR SLIQTPMLY *
RhoB1A5
Allele 1
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDRLS LIQTPMLY *
RhoB1A5
Allele 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDRL LSRHRCYIDVFFH *
RhoC9A2
Allele 1
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDRL AASLLSRHRCYIDVFFH *
RhoC9A2
Allele 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDR SLIQTPMLY *
RhoC9A3
Allele 1
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDRLR SLLSRHRCYIDVFFH *
RhoC9A3
Allele 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDRL ASLLSRHRCYIDVFFH *
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Table 6.3: Amino acid sequences of RhoB in WT and RhoB KO cells
Cell line Sequence
NIH-3T3
WT
MAAIRKKLVVVGDGACGKTCLLIVFSKDEFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDRLRPLSYPDTDVILMCFSVDSPDSLENIPEKWV
PEVKHFCPNVPIILVANKKDLRSDEHVRTELARMKQEPVRTDDGRAMAVR
IQAYDYLECSAKTKEGVREVFETATRAALQKRYGSQNGCINCCKVL*
RhoB1
Allele 1 & 2
MAAIR QEAGGGGRRRVRQDVPADRVQ *
RhoB2.2
Allele 1
MAA GGGGRRRVRQDVPADRVQ *
RhoB2.2
Allele 2
MAAI 3 LVVGDGACGKTCLLIVFSKDEFPEVYVPTVFENYVADIEVDG
KQVELALWDTAGQEDYDRLRPLSYPDTDVILMCFSVDSPDSLENIPEKWV
PEVKHFCPNVPIILVANKKDLRSDEHVRTELARMKQEPVRTDDGRAMAVR
IQAYDYLECSAKTKEGVREVFETATRAALQKRYGSQNGCINCCKVL*
RhoB3
Allele 1
MAAIR QEAGGGGRRRVRQDVPADRVQ *
RhoB3
Allele 2
M QEAGGGGRRRVRQDVPADRVQ *
RhoA3B6
Allele 1
MAAI ARSWWWWATARAARRAC *
RhoA3B6
Allele 2
M QEAGGGGRRRVRQDVPADRVQ *
RhoC3B4
Allele 1 & 2
MAAIR QEAGGGGRRRVRQDVPADRVQ *
RhoC3B6.7
Allele 1
MAAIR QEAGGGGRRRVRQDVPADRVQ *
RhoC3B6.7
Allele 2
MAAI LQEAGGGGRRRVRQDVPADRVQ *
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Table 6.4: Amino acid sequences of RhoC in WT and RhoC KO cells
Cell line Sequence
NIH-3T3
WT
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYIADIEVDG
KQVELALWDTAGQEDYDRLRPLSYPDTDVILMCFSIDSPDSLENIPEKWT
PEVKHFCPNVPIILVGNKKDLRQDEHTRRELAKMKQEPVRSEEGRDMANR
ISAFGYLECSAKTKEGVREVFEMATRAGLQVRKNKRRRGCPIL*
RhoC3
Allele 1
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPE SLRTI *
RhoC3
Allele 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVP SL *
RhoC6
Allele 1
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPT GL *
RhoC6
Allele 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVY 7 YIADIEVDG
KQVELALWDTAGQEDYDRLRPLSYPDTDVILMCFSIDSPDSLENIPEKWT
PEVKHFCPNVPIILVGNKKDLRQDEHTRRELAKMKQEPVRSEEGRDMANR
ISAFGYLECSAKTKEGVREVFEMATRAGLQVRKNKRRRGCPIL*
RhoC9
Allele 1 & 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPT GL *
RhoB3C4
Allele 1
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPT L *
RhoB3C4
Allele 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVP SL *
RhoB3C5
Allele 1
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPT GL *
RhoB3C5
Allele 2
MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPT SLRTI *
124
6 Appendix
6.1.3 Expression levels of RhoA, RhoB and RhoC in Rho
double KO cells
As addendum to Figure 3.13, Western Blots for Rho double KO cells with specific
antibodies for RhoA, RhoB or RhoC are shown in Figure 6.7.
Figure 6.7: Protein expression of RhoA, -B and -C in Rho double KO cells. Cell extracts of
Rho double KO cells were analyzed via Western Blotting with RhoA, -B and -C antibodies, as
indicated. GAPDH was used as loading control.
125
6 Appendix
6.1.4 Myosin II localization in Rho KO cells
Immunofluorescence stainings of Rho single KOs with myosin IIa and Rho dou-
ble KOs with myosin IIb are displayed in Figures 6.8 and 6.9, respectively. These
data are an addendum to the images shown in chapter 3.3.4.
Figure 6.8: Myosin IIa localization in Rho single KOs. Rho single KOs were fixed and stained
with phalloidin (green), myosin IIa antibody (red) and DAPI (blue). Figure shows single images
for phalloidin and myosin staining together with the merged image including DAPI. Two clones
were analyzed per KO condition. Scale bar equals 50µm.
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Figure 6.9: Myosin IIb localization in Rho double KOs. Immunofluorescence staining of Rho
double KOs after fixation was performed with phalloidin (green), myosin IIb antibody (red)
and DAPI (blue). Single images for phalloidin and myosin IIb are displayed, followed by the
merged image with DAPI. Two clones per KO phenotype were included in the analysis. Scale
bar represents 50µm.
6.1.5 Coﬁlin knockdown in Rho KO cells
Immunofluorescence images of Cofilin knockdown in RhoB, RhoC and RhoBC
KOs combined with inhibitor treatments for Rho, ROCK, MRCK and myosin II
are shown in Figures 6.10, 6.11 and 6.12, respectively. These are supplementary
data to the Figures described in chapter 3.3.4.
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Figure 6.10: Cofilin knockdown in RhoB KOs. RhoB single KO cells were treated with 2.5µM
of Cofilin 1, Cofilin 2 and ADF siRNA one day after seeding of cells and again with 5µM Cofilin
2 siRNA one day later. Two days after the second transfection, cells were treated with various
inhibitors or serum-free medium for 1 hour before fixation. Inhibitors were 200µM Rhosin to
inhibit Rho proteins, 50µM Y-27632 inhibiting ROCK, 120µM Blebbistatin to inhibit myosin II
and 20µM BDP5290 inhibiting MRCK. After fixation, cells were stained with phalloidin (green)
and DAPI (blue). Figure displays merged images. Two clones were analyzed per KO phenotype.
Scale bar shows 50µm.
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Figure 6.11: Cofilin knockdown in RhoC KOs. One day after seeding of cells, RhoC KOs were
transfected with 2.5µM of Cofilin 1, Cofilin 2 and ADF siRNA. In addition, transfection with
5µM Cofilin 2 siRNA was performed one day later. Two days after that, cells were treated
with various inhibitors or serum-free medium for 1 hour before fixation. Inhibitors were 200µM
Rhosin to inhibit Rho proteins, 50µM Y-27632 inhibiting ROCK, 120µM Blebbistatin to inhibit
myosin II and 20µM BDP5290 inhibiting MRCK. After fixation, cells were stained with phal-
loidin (green) and DAPI (blue). Only merged images are shown. Two clones per KO phenotype
were included in the analysis. Scale bar equals 50µm.
129
6 Appendix
Figure 6.12: Cofilin knockdown in RhoBC KOs. Transfection of RhoBC double KO cells with
2.5µM of Cofilin 1, Cofilin 2 and ADF siRNA was performed one day after seeding of cells and
again with 5µM Cofilin 2 siRNA one day after that. Two days after the second transfection, cells
were treated with various inhibitors or serum-free medium for 1 hour before fixation. Inhibitors
were 200µM Rhosin to inhibit Rho proteins, 50µM Y-27632 inhibiting ROCK, 120µM Blebbis-
tatin to inhibit myosin II and 20µM BDP5290 inhibiting MRCK. Finally, cells were stained with
phalloidin (green) and DAPI (blue). Merged images are shown. Two clones per KO phenotype
were analyzed. Scale bar displays 50µm.
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6.2 Plasmid Maps
Maps of plasmids used in this study are shown in Figures 6.13, 6.14 and 6.15.
The map of restriction sites in Figure 6.14 shows how the PCR product is flanked
by EcoRI sites upstream and downstream. Therefore, test digestions before se-
quencing of potential KO clones were performed with this respective enzyme.
Figure 6.13: pcDNA3 RSV-F. Figure shows pcDNA3 RSV-F, which was kindly provided by the
group of T. Pietschmann and cloned by S. Haid (Twincore, Hannover). The RSV-F protein is
encoded after a CMV promoter and the plasmid harbors an ampicillin resistance.
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Figure 6.14: pCRBlunt II-TOPO vector. Map of pCRBlunt II-TOPO vector, showing EcoRI re-
striction sites, which were important for test digestions before sequencing of potential Rho KO
clones (Zero Blunt TOPO PCR Cloning Kit - User Guide).
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Figure 6.15: pSpCas9(BB)-2A-GFP. Figure shows pSpCas9(BB)-2A-GFP, which was used for
CRISPR/Cas9 mediated gene knockout. The plasmid encodes Cas9 nuclease and the GFP pro-
tein and harbors a resistance to ampicillin (https://www.addgene.org/48138/) (26.03.2018).
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